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ABSTRACT

Precise ice-core chronologies are essential for identifying the timing and duration of polar climatic
changes as well as their phasing with the changes in other parts of the globe. However, existing ice-core
chronologies beyond the last 60 kyr show relatively large disagreements with each other and with U-Th
chronologies of speleothems. Here, we constructed new ice and gas age scales for the Dome Fuji (DF)
core (DF2021) over the last 207 kyr by combining a Bayesian dating model and firn densification model,
constrained by various types of chronological and glaciological information including new 30,/N; age
markers, precise synchronization to other high-quality chronologies (volcanic, cosmogenic, and CHy
signals), and high-resolution 3'°N of N, (reflecting past firn thickness). The new chronology is tightly
constrained by synchronization to other well-dated records for the last 60 kyr, whereas it is independent
from other chronologies for the older period. For the last 60 kyr, the DF2021 chronology agrees with the
layer-counted ice core chronologies (GICCO5 and a part of WD2014) and U—Th chronologies of speleo-
thems within ~200 years. For the period 60—130 kyr BP, the timing of all Dansgaard-Oeschger warming
events on DF2021 agree with those of corresponding events in the U-Th dated Chinese or European
speleothems mostly within 1 kyr (well within 20 uncertainty of DF2021). The excellent agreement
suggests high accuracy of our chronology, and supports the assumption of negligible phasing between
the past local summer solstice insolation and 30,/N, fractionation at bubble close-off (the basis for
constructing the 80,/N, age markers). Between 130 and 207 kyr BP (penultimate glacial period), there is
a lower degree of similarity between the variations in atmospheric CH, and speleothem calcite 5'30 than
in the last glacial period, making the age comparison challenging. The comparison of DF2021 with 9 U
—Th dates at 7 abrupt events shows the mean difference of —0.2 + 0.8 kyr, which is within the
DF2021 uncertainty (on the order of 1.5 kyr). The DF2021 chronology agrees with the AICC2012 chro-
nology within 2 kyr except between ~103 and 128 kyr BP where AICC2012 is likely too young by up to ~4
kyr. By analyzing the lag between 8'80 of 0, (8'80,um) on DF2021 and 65°N summer solstice insolation,
the relatively large error in AICC2012 is found to originate in three 3'80,m age markers assuming a
constant lag, which are off by more than 3 kyr. The phasing between 3'80,¢y, and orbital forcing iden-
tified in this study may be useful for future ice core dating, especially where other age constraints are

weak or lacking.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Polar ice cores preserve valuable information on past climatic
and environmental changes, which allow us to investigate forcings
and mechanisms that cause variations in Earth's climate. Precise ice
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core chronologies are essential to determine sequences and dura-
tions of climatic events as well as to examine the phasing with
other paleoclimatic records. Ice cores from high-accumulation-rate
sites allow us to construct precise age scales by annual layer
counting, which is best for relative ages (i.e., durations). For
example, Greenland ice cores have been dated back to 60 kyr BP
(before 1950 C.E.) by annual layer counting (GICCO05, Vinther et al.,
2006; Andersen et al., 2006; Rasmussen et al., 2006; Svensson et al.,
2006; Svensson et al., 2008). In Antarctica, the WAIS Divide ice core
(WDC) has been dated back to 31 kyr BP also by annual layer
counting (WD2014, Sigl et al., 2016). On the other hand, annual-
layer counting is not possible for Antarctic ice cores with low
accumulation rates (e.g., Dome Fuji, Dome C, Vostok). Thus, the age
scales of deep ice cores from low-accumulation sites are typically
constructed by combining an ice flow model and an accumulation
model whose parameters are constrained with various age markers
(e.g., Watanabe et al., 2003b; Parrenin et al., 2004; Parrenin et al.,
2007a). Such glaciological chronologies can be modified by a sim-
ple age tuning (e.g., Kawamura et al., 2007; Lipenkov et al., 2011) or
by statistical adjustments of glaciological variables (e.g., thinning,
accumulation rate and lock-in depth) along the depth (e.g., Veres
et al., 2013; Bazin et al., 2013; Parrenin et al., 2015; Nakano et al.,
2016).

For the deep cores, the age may be constrained by aligning
climate proxies, such as water isotopic ratios (3'80jce or 8D), 3'%0 of
03 (3'804¢m), and CH4 concentration, to either the orbital precession
parameter or northern hemisphere insolation, assuming a constant
phasing (Waelbroeck et al., 1995; Shackleton, 2000; Parrenin et al.,
2001, 2007b; Ruddiman and Raymo, 2003; Dreyfus et al., 2007;
Bazin et al., 2013). Their variations are synchronized to respective
targets such as the precession parameter or summer insolation in
the northern hemisphere, assuming a constant phasing. In reality,
variations in the phasing between orbital parameters and climate
are expected and should be considered in uncertainty estimates. In
practice, the uncertainty in the phasing of the above proxies with
respect to precession is typically assumed to be +6 kyr (about a
quarter of a precession cycle) (Petit et al., 1999; Dreyfus et al., 2007).

The local insolation proxies are the 30,/N; ratio of trapped air
(Bender, 2002; Kawamura et al., 2007; Suwa and Bender, 2008) and
total air content (TAC) (Raynaud et al., 2007; Lipenkov et al., 2011).
Insolation affects snow metamorphism and grain properties in
shallow firn, influencing gas fractionation and porosity during
bubble close off (Bender, 2002; Fujita et al., 2009; Kawamura et al.,
2004, 2007; Raynaud et al., 2007). In terms of the mechanism of the
local insolation control on 30;/N, variation in the ice sheet, the
following hypotheses have been proposed by previous studies.
During the bubble close-off process at the base of firn, gas mole-
cules with a small diameter (such as He, Ne, H,, O, and Ar) are
preferentially excluded from the freshly formed air bubbles to the
open pores, and from there to the atmosphere, by molecular
diffusion through ice (e.g., Bender et al., 1995; Ikeda-Fukazawa
et al.,, 2005; Severinghaus and Battle, 2006; Oyabu et al., 2021).
Thus, the 80,/N; of trapped air in the ice sheet is always negative
relative to the atmosphere, and the degree of the fractionation is
thought to be controlled by physical properties of firn (e.g., layering,
porosity, tortuosity, grain size, or other microstructural character-
istics), which in turn are controlled by the original physical prop-
erties set at the snow surface by the intensity of summer insolation
(Bender, 2002; Kawamura et al., 2007; Fujita et al., 2009).

The advantage of the 303/N; ratio is that the influence of cli-
matic changes appears to be small in the record. Most notably, the
strong ~100-kyr power in the Antarctic climatic records (such as
3'80jce) is absent in the 30,/N5 record, by a possible cancellation of
the effects of temperature and accumulation changes (Bender,
2002; Kawamura et al., 2007; Suwa and Bender, 2008). The lack
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of climatic signal in the 302/N2 record makes it an excellent tool for
constraining the ice-core chronology, if the assumed phasing
relative to insolation holds through time. The phasing between the
summer solstice insolation at the drilling site and the 30,/N; could
be assumed zero within the typical synchronization uncertainty of
1—2 kyr (Kawamura et al., 2007; Suwa and Bender, 2008; Lipenkov
et al,, 2011; Landais et al., 2012).

Two deep ice cores with the length of 2503 m (340 kyr) and
3035 m (720 kyr) were drilled at Dome Fuji in the 1990s and 2000s,
which are called the first and second Dome Fuji core, respectively
(hereafter DF1 and DF2 core) (Motoyama, 2007; Motoyama et al.,
2021; Dome Fuji Ice Core Project Members, 2017). The distance
between the two boreholes is 43 m at the surface (Motoyama,
2007), and the depth difference between the cores is up to about
2 m for the studied depth range (Fujita et al., 2015). We briefly
review the existing chronologies of the DF ice core.

The first glaciological chronology of the DF1 core was con-
structed with accumulation history by scaling 3'80 of ice with a
modern spatial relationship and a one-dimensional ice flow model
(Dansgaard-Johnsen model (Dansgaard and Johnsen, 1969),) whose
parameters were constrained with two age tie points from volcanic
signals at 97.80 m (2.4 kyr BP) and 1849.55 m (141 kyr BP)
(Watanabe et al., 2003a). The age of ice at 2500 m was estimated to
be 323 kyr BP. Another glaciological chronology for the DF core was
developed using an inverse method to simultaneously constrain
five parameters in accumulation and ice flow models (Parrenin
et al., 2001) with orbital-scale age constraints over the entire
length of the core (precession cycle in 3'80ice) (hereafter DFGT-
2003) (Watanabe et al, 2003b). The age of ice at a depth of
2500 m was estimated to be 340 kyr BP. Later, Kawamura et al.
(2007) modified the DFGT-2003 chronology by matching the 30,/
N, record to local summer solstice insolation, based on their high
correlation originally found in the Vostok core (Bender, 2002),
between 80 and 340 kyr BP with relatively small uncertainty (DFO-
2006). The gas age of DFO-2006 was based on forward modeling of
ice age-gas age difference (Aage) with a firn densification model
(Pimienta-Barnola model, Barnola et al., 1991; Kawamura et al.,
2003). Subsequently, Parrenin et al. (2007a) constructed an
improved glaciological chronology (DFGT-2006) by incorporating
improved constraints and models such as 16 age markers including
about half of the 80,/N; tie points (every ~20 kyr), better accu-
mulation estimates using d-excess and oceanic corrections on
3'80jce, and glacial-interglacial ice-thickness variations. A sequen-
tial Bayesian approach was also developed to locally modify the
prior estimates of unknown parameters in the ice-flow and accu-
mulation models along the core, and applied to the DF1 core with
all available 305/N, tie points but with the assumption of no glacial-
interglacial ice-thickness change (Nakano et al., 2016). For the deep
part of the DF2 core (~2500—3028 m), the chronology is based on
the synchronization to the Antarctic Ice Cores Chronology 2012
(AICC2012) age scale (Bazin et al., 2013) using isotope matching
(Dome Fuji Ice Core Project Members, 2017). For the late Holocene,
some parts of the DF chronology can be modified by matching its
19Be records to tree-ring 'C records (Horiuchi et al., 2008; Miyake
et al., 2015, 2019; Kanzawa et al., 2021).

Problems in the existing DF chronologies and the potentials for
significant improvements are summarized as the following three
points.

(1)The previous DF chronologies were poorly constrained for
the last 60 kyr, and it has become possible to synchronize the DF
chronology to the age scales with high-resolution and precision.

(2)The DFO-2006 chronology (by matching 802/N, data with
local summer insolation) was found to have unexpectedly large
error at ~90 kyr BP due probably to poor quality of the 302/N, data.
Also, the assumption of zero phasing between 30,/N; and local
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summer insolation has been questioned. The latest high-quality
80,/N, data by Oyabu et al. (2021) has the potential to solve
these problems.

(3)The age scales of the ice and gas were estimated indepen-
dently for all previous DF chronologies. Probabilistic dating
methods have been developed to simultaneously produce coherent
ice and gas age scales.

First, the previous DF chronologies were poorly constrained for
the last 60 kyr because they relied on only two age markers: one in
the late Termination I, and one at the Laschamp geomagnetic event.
In this range, it has become possible to synchronize the DF ice age
to layer-counted ice cores and tree rings using common signals
such as volcanic signals and cosmogenic radionuclides (Horiuchi
et al., 2008; Fujita et al., 2015; Buizert et al., 2018; Svensson et al.,
2020). Also, high-resolution CH4 concentration data have been
acquired (Oyabu et al., 2020; this study) and available for gas age
matching to the WDC and Greenland cores for strong empirical
constraints on the Aage.

The second point is related to the d02/N; age constraints for the
old periods. The 303/Ny record and local summer insolation is
assumed to be synchronous (i.e., zero lag for the alignment,
Kawamura et al., 2007), and the uncertainty of DFO-2006 only in-
cludes the matching uncertainty due to data scatter and the
interpolation uncertainty, to be mostly smaller than +2.5 kyr. The
DFO-2006 was validated at 4 horizons at 92.6 (volcanic), 103.1
(CHy4), 109.5 (CH4) and 130.8 (CH4) kyr BP, by comparing them with
radiometric ages of a volcanic eruption and three abrupt shifts in
speleothem records. However, it was pointed out from detailed
volcanic matching of the DF core to the EPICA Dome C (EDC) ice
core, which in turn was dated with U-Th chronology of Chinese
speleothems by assuming bipolar seesaw (Barker et al., 2011), that
DFO-2006 around 90 kyr BP is too old by ~3 kyr (Fujita et al., 2015).
A possible source of this age error is the error of 30,/N, peak po-
sitions because of the large noise (or scatter) in the previous DF
802/N; record between 60 and 160 kyr (Kawamura et al., 2007). The
large noise may have two possible causes: strong gas loss during
core storage, and strong gas fractionation between bubbles and
clathrate hydrates (Ikeda-Fukazawa et al., 2005; Oyabu et al., 2021).
The more recent 30, /N, records from the EDC ice core between 100
and 800 kyr (Landais et al., 2012; Bazin et al., 2016; Extier et al.,
2018) also showed a large scatter around the orbital-scale varia-
tions in some periods, and did not allow one to find consistent
relationship with local summer insolation for precise dating. The
003/N; records from the EDC, Vostok and DF cores around the last
interglacial period (~100—160 kyr BP) also show site-specific high-
frequency variability, obscuring the tuning tie points and poten-
tially challenging the assumption of zero phasing between 305/N,
and local summer insolation (Bazin et al., 2016). However, most of
these 80,/N; data may be significantly affected by post-coring gas
loss, thus a reliable assessment of 30,/N as a local insolation proxy
needs much improved 30,/N, data with little post-coring gas loss.

A recent study by Oyabu et al. (2020) revealed that the original
003/N; signal (not altered by post-coring gas loss) is preserved in
the center of the DF core, which has been stored at —50 °C for ~20
years. Using more extensive trimming of ice samples, Oyabu et al.
(2021) obtained an 30,/N; record with little noise that has high
similarity to the local summer insolation curve for 90—173 kyr BP.
These studies raised the possibility of assessing and improving the
age scales by providing precise 302/N, age markers.

The third point is related to the coherency of ice and gas age
scales. So far, for the DF core, both the methods of Parrenin et al.
(2007a) and Nakano et al. (2016) deal with the ice age only, and
the Aage (thus gas age) was independently estimated by a forward
firn densification model (Barnola et al., 1991). The densification
model produces thicker firn in the glacial periods than in the
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interglacial periods, which contradicts the evidence from 5'°N of N,
that suggests a thinner glacial firn column, as well as the depth
difference between ice and air with the same age (Adepth) for the
last glacial period (Parrenin et al., 2012; Buizert et al., 2021).

On the other hand, probabilistic dating methods have been
developed to optimize the prior estimates of accumulation rate,
thinning and lock-in depth (LID, the depth in firn where vertical air
diffusion stops) as functions of depth for several ice cores, by
integrating various chronological information, to simultaneously
produce a common ice and gas age scales (e.g., Datice by Lemieux-
Dudon et al., 2010; Icechrono by Parrenin et al., 2015; Paleochrono
by Parrenin et al., 2021). The AICC2012 is a common ice and gas age
scale constructed for five ice cores (EDC, Vostok, EDML, TALDICE,
and NGRIP) using the Datice tool (Bazin et al., 2013; Veres et al.,
2013).

Advances in firn densification models now reproduce the
thinner glacial firn thickness on the East Antarctic plateau (Bréant
et al., 2017; Buizert et al., 2021). The Bréant model reduced its
sensitivity at low temperatures and introduced the hypothetical
influence of impurities in softening the firn, which enhanced
densification rates at cold stages. On the other hand, borehole
thermometry suggests that the magnitude of surface temperature
cooling during the last glacial maximum was only around 4—5 °C in
interior East Antarctica (Dome Fuji, Dome C), which is less than
previous estimates of around 8—10 °C (Buizert et al., 2021); con-
ventional firn densification models (e.g., Herron-Langway model)
could reproduce the thinner glacial firn column using this forcing.
Buizert et al. (2021) developed an inverse method with the firn
densification model, where an automated routine finds the tem-
perature and accumulation rate that fit the modeled 3'°N and Aage
to the ice-core data.

Because the probabilistic dating methods (such as Datice and
PaleoChrono) may produce physically unrealistic solutions (such as
too rapid changes in firn thickness and gas age reversals) if used
with incorrect parameters, they could ideally be combined with the
densification models. Also, the probabilistic methods can optimize
the accumulation rate, thinning function and LID at high resolution
along depth to pass through the given age constraints, thus the
accuracy of age markers from ice core data are particularly
important.

In this paper, we construct precise and coherent ice and gas time
scales of the DF core over the last 207 kyr (0—2150 m), by iterating
between the Paleochrono probabilistic dating model (Parrenin
et al., 2021) and the inverse Herron-Langway densification model
(Buizert et al., 2021) with various types of constraints, including
new 30,/N, ice age markers, CH, gas age markers, and 8N for firn
properties, obtained by recent precise gas measurement on the DF
core (Oyabu et al., 2020, 2021), as well as published tie points be-
tween the °Be flux record in the second DF core and tree-ring “C
record (Horiuchi et al., 2008; Miyake et al., 2015, 2019; Kanzawa
et al., 2021). Also, a new volcanic matching of the DF to WDC,
and indirectly to NGRIP core (Svensson et al., 2020) were made. We
examined the sensitivity of the DF chronology to different sets of
priors of accumulation rate, thinning and LID, including the LID
from another firn densification model (Bréant model). The con-
structed chronology was validated by comparing with the U-Th
chronologies of speleothems. This study limits the construction of
the new age scale to 2150 m because of the currently insufficient
resolution and quality of the gas data (CHa, 302/N3, and 3'°N) for
the deeper part, which will be improved in the near future. We note
that all ages in this paper and the dataset are reported relative to
1950 C.E.
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2. Methods
2.1. General strategy for DF core dating

For the last 60 kyr, we fully utilize the constraints on the ice age
and gas age by matching the DF core data (volcanic signals, '°Be and
CH4) with the volcanic signals and CHy of the layer-counted chro-
nologies of high-accumulation ice cores (WD2014 of WDC and
GICCO5 of Greenland cores) as well as the tree ring “C. More spe-
cifically, the DF ice age intervals (the age difference between two
volcanic layers) are constrained by WD2014 for 0—31.2 kyr BP (164
intervals) where WD2014 is determined by the layer counting (Sigl
et al., 2016). Also, the DF ice age at 16 layers ('°Be peaks) for
0.13—7.4 kyr BP are constrained by tree-ring chronologies through
10Be—14C matching (Horiuchi et al., 2008; Miyake et al., 2015, 2019;
Kanzawa et al., 2021). For the gas age, we match the DF and WD CH4
records and NGRIP 3'80;c. records at Dansgaard—Oeschger (DO)
events or other transitions. On the other hand, for the period older
than 60 kyr BP, we only use the constrains on the ice age from the
DF 30,/N; data and ice depth-gas depth difference (Adepth) from
the DF 8'80jc and CHy4 data, and thus the resulting chronology is
independent of other chronologies such as U-Th chronologies of
speleothems (e.g., Cheng et al., 2016) and AICC2012 (Veres et al.,
2013; Bazin et al., 2013). We derive Adepth based on the concept
of the “thermal bipolar seesaw” (Crowley, 1992; Stocker and
Johnsen, 2003), in which a peak in the Antarctic 51801ce is
assumed synchronous with an abrupt increase in CH4 (Parrenin
et al.,, 2012). See details of the chronological constraints in section
2.4,

An inverse dating method by a probabilistic model with
reasonable priors (initial conditions with uncertainties) is best
suited for integrating all kinds of age constraints and derives a
continuous ice-core chronology. However, probabilistic models
may produce a physically unrealistic solution (such as too-rapid
changes in firn thickness and resulting gas age reversals, Veres
et al., 2013; Bazin et al., 2013) if used with inappropriate parame-
ters. To overcome this potential issue and obtain the best estimates
of chronology and associated glaciological parameters, we combine
the probabilistic dating model with a firn densification model
(Buizert et al., 2021), as follows.

2.2. Models

The age of ice (x(z)) and gas (¥(z)) of an ice core can be described
by accumulation rate (A), lock-in depth (LID) (the depth in firn
where air is effectively isolated from the overlying atmosphere),
and thinning function (the ratio of a thickness of an ice layer to the
initial accumulation at the surface) (7), as follows:

z

¥(2) =x(z— 4depth(z)) (2)
r ! 0
ez =l <l 3)

Z—Adeptn (2)

where z is the depth along with the ice core record, g is the age of
the ice at the top (with depth z = zj), D is the relative density of the
snow to ice (dimensionless), 4depth is the depth difference be-
tween gas and ice of the same age, and [ is the lock-in depth of air
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bubbles and Q\gm is the average value of 2 in the firn when the air

particle was at the lock-in-depth. To find the best chronology, we
use the software for automated optimization of paleoclimatic
chronologies Paleochrono (Parrenin et al., 2021). In the case of its
application to ice cores, Paleochrono is equivalent to its predecessor
IceChrono (Parrenin et al., 2015), but with computing time im-
provements. It optimizes A, LID and 7 along depth using various
chronological constraints such as absolute age horizons, age dif-
ference between two depths (age intervals), and Adepth. The
chronological constraints are derived from volcanic and CHy
matching to other well-dated cores, '°Be matching to tree-ring “C
records, comparison of d0,/N, with insolation, and climatic syn-
chroneity in northern and southern hemispheres for §'%0 (ice) and
CH4 (gas) depths (see 2.5). They are combined using a Bayesian
framework to obtain a posterior estimate of the unknown variables
(A, LID and 7) and the resulting chronology with uncertainties.

To estimate the priors of A and LID, we used the dynamical firn
densification-heat transport model (DynaDens model, Buizert et al.,
2021 and references therein) based on the overburden-pressure
formulation of the Herron-Langway firn model (Herron and
Langway, 1980, Equation 4c). The model is run in an inverse
mode, where an automated routine is used to find the temperature
(Tsite) and accumulation rate (A) that optimize the fit to 3N and
Aage data. Past accumulation rates are uniquely constrained by the
combination of 3'°N and Aage (Buizert, 2021). The following model
parameters were used: a surface density of 335 kg m~>; a
convective zone thickness of 4 m (Kawamura et al., 2006); a lock-in
density that is 3 kg m~> lower than the bubble close-off density by
Martinerie et al. (1994); and a critical density of 540 kg m~> rather
than the standard 550 kg m~> (to improve the fit to density mea-
surements at the site). The initial guesses of Tse and A are derived
from linear scaling of the site temperature record by Uemura et al.
(2018), which we shall call Tipjtjal.

Our inverse method results in a temperature history Tsjte With a
small magnitude (~4 °C) of surface cooling during the last glacial
maximum; while in agreement with Dome Fuji borehole-
thermometry reconstructions (Buizert et al., 2021). The result is
currently under discussion as other studies have inferred much
lower LGM temperatures at the DF site (and other East Antarctic
inland cores) based on stable water isotopes (e.g., Sime et al., 2009;
Uemura et al., 2018). One can think of the firn model as a physically-
consistent way to interpolate between the empirical Aage esti-
mates. Combined, the 3N and Aage data constrain past accumu-
lation rates and firn densification rates. Here we achieve the
required past densification rates by implementing a ~4 °C glacial
cooling, but it remains conceivable that the required densification
rates can also be achieved with strongly altered description of firn
densification physics and a ~15 °C glacial cooling (see section 3.2).
Any firn densification description that can fit the 3°N and Aage
data will result in similar histories of past accumulation and LID,
and the DF chronology we reconstruct is to first order independent
of assumptions regarding the magnitude of glacial cooling. In this
paper we remain noncommittal on the magnitude of glacial
cooling.

To bring A and LID as estimated by Paleochrono and DynaDens
in agreement with each other, we employ an iterative approach
between the Paleochrono and DynaDens models with the following
steps.

Step 1: Construct initial scenarios of A and 7 using a one-
dimensional ice flow model (Parrenin et al., 2007a), and LID using
39N data corrected for thermal signal (Buizert et al., 2021) (see 2.4).

Step 2: Run Paleochrono with the priors from Step 1 and various
age constraints (see 2.5) to produce a tentative age scale of ice and
gas, together with revised glaciological parameters (A, LID and 7).
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Step 3: Revise the 30,/N; control points and Adepth (see 2.5.2),
and deduce Aage for the depths where Adepth are available (see
2.5.5), using the age scale from Step 2.

Step 4: Run DynaDens in the inverse mode to find linear scaling
factors for Tgjte and A from the initial Tipjtq (Uemura et al., 2018) that
optimize the Aage (from Step 3) and 3"N for the last 50 kyr.

Step 5: Run DynaDens in the forward mode using the optimized
Tsite and A from Step 4 to construct the history of Aage over the
whole 207 kyr age range (base run).

Step 6: Let DynaDens change Tsie and A simultaneously and
independently to improve the fit of 3'°N for all times older than 50
kyr BP, while forcing the model to match the Aage history from the
base run.

Step 7: Let DynaDens change T and A simultaneously and
independently to improve the fits of both the 8'°N and Aage data
for the last 50 kyr.

Step 8: Revise the 8'”N-based LID by subtracting modeled
thermal component of 8°N from Step 7 from the 3'°N data.

Step 9: Run Paleochrono with A from Step 6 and 7, LID from Step
8, 7 from Step 2, , control points from Step 3 to revise the ice age,
gas age, A, LID and 7.

The ice and gas age scales from Step 9 agree with those from
Step 2 within 400 years, thus, only one iteration is needed.

It is necessary to give uncertainties for the priors of A, 7 and LID
for Paleochrono. We assigned the uncertainty of A as 25% (1o) for
Step 2 (1st run of Paleochrono) and 20% (1) for Step 9 (2nd run of
Paleochrono). The uncertainty of the Antarctic A converted from
stable water isotope is typically ~20% (Parrenin et al., 2007a), and
we assigned 25% for Step 2 as a conservative number. The uncer-
tainty of 7 is difficult to assess, but it seems reasonable to assume
that the uncertainty increases with depth. Thus, we assigned it by
linear interpolation between the ice-sheet surface (0%) and the
bottom (100%) (1c) with depth, as a first approximation for Step 2.
We also set a stiffness parameter for 7 (Athinning = 6000) to make it
monotonically decrease with depth. For the uncertainty of 7 in Step
9, we employed the error estimate by Paleochrono in Step 2
(ranging 0—3.5%, 15), with Athinning Of 250. We assigned 5% (1c) for
the uncertainty of LID in both Step 2 and Step 9, because the LID
estimated with two firn densification models (DynaDens and
Bréant models) and 3'°N data (Step 1) mostly agree within 5% of
each other.

To examine whether the chronology after Step 9 (Paleochrono)
is sensitive to the prior of LID used in the intermediate steps, we
tested the method with another firn densification model (Bréant
model, Bréant et al., 2017). We conducted an experiment using the
thermal component of 3'°N from Bréant model, as well as experi-
ments skipping Step 8 and using the LID from DynaDens and Bréant
model in Step 9 directly. Details are described in section 3.2.

We note that an assumption of Paleochrono is that all prior in-
formation on A, 7 and LID, and age constraints are independent,
which is not the case in our approach with the iteration between
Paleochrono and DynaDens. Ideally, Paleochrono would be coupled
with DynaDens and invert both at the same time, which would be a
future direction towards an improved method.

2.3. Dome Fuji ice core data

We used newly measured and published datasets to establish
the age constraints and model inputs (Table 1). New measurements
and synthesizing of different datasets (measured at different in-
stitutes) are explained in the following sections.

2.3.1. CH,4 concentration
We used three datasets of CH4 (Fig. 2b). The first dataset was
generated at National Institute of Polar Research (NIPR) by new
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measurements of the DF1 ice core. The detailed measurement
method is described elsewhere (Oyabu et al., 2020). Briefly, an ice
sample of ~60 g was evacuated for 2 h and melted, and the released
air was cryogenically collected into a sample tube. The air sample
was split into two aliquots and measured with gas chromatographs
(two Agilent 7890A, for CH4, N2O and CO, concentrations) and a
mass spectrometer (Thermo DELTA V, for 30,/N>, dAr/N», 3'°N and
3'80). We measured 595 and 219 samples with single and replicates
(in total 814 samples), respectively, between 112.88 and 2148.62 m,
with an overall precision of better than ~3 ppb.

The second data set was generated at Tohoku University (TU)
(Kawamura, 2001). A total of 222 samples from 120.19 to 2144.62 m
were measured with the overall precision of ~6 ppb. The raw data
were corrected for systematic negative bias (presumably by selec-
tive adsorption of CH4 on the inner walls of apparatus) by +1.1
— +3.2 ppb, based on the results of blank tests and CH4 concen-
tration of each sample. The corrected data did not show systematic
differences from the newest data measured at NIPR (this study).
35N was also measured for each sample.

The CH4 concentrations at NIPR and TU were determined on the
TU concentration scale (Nakazawa et al., 1993; Oyabu et al., 2020)
and corrected for the gravitational enrichment in firn using the
measured 3'°N (Sowers et al., 1989).

The third dataset was from the measurements at Institut des
Géosciences de I'Environnement (IGE) with the overall precision of
~10 ppb, as published by Buizert et al. (2021). This dataset had an
offset from the NIPR/TU datasets probably due to different cali-
bration scales. We added 23.5 ppb to the IGE data to account for the
different calibration scale and gravitational correction.

We used all NIPR CH4 data because it has the highest precision,
and added the data from the other two datasets to increase the
resolution. We excluded some of the TU and IGE data points ac-
cording to these criteria: (1) they are close to the neighboring NIPR
data points on both sides (~< 100 yr) with large differences
(>10 ppb) (53 points in 0—28 kyr BP and one point at140 kyr BP), (2)
the additional data produce false CH4 peaks in comparison to the
high-precision WAIS Divide data (Rhodes et al., 2015) (17 points in
28—65 kyr BP), or (3) the additional data produce a marked nega-
tive spike in MIS 6 which appears artificial in comparison with the
record in the last glacial period (one point at 189 kyr BP) (Fig. A1).
We note that the outlier rejections as above are intended for
completeness of the high-quality CHy4 record, but they do not affect
the positions of the age control points.

2.3.2. 003/N> and 6N

We measured 30,/N, and 8°N between 2003.38 and 2157.56 m
(171—207 kyr BP in gas age) using an established method (Oyabu
et al., 2020, 2021) at 54 and 14 depths with single and replicates,
respectively (mostly with CH4 concentrations). The gravitational
corrections for 30,/N, data are made using the 8'°N data of the
same samples (Oyabu et al., 2020). We combined the new data with
the previous dataset.

2.4. Initial scenarios of A, 7, and LID (in step 1)

An inverse method using one-dimensional ice-flow and accu-
mulation models (Parrenin et al., 2007a) was employed to obtain
the initial scenarios of A and 7. The model optimizes five parame-
ters in the ice flow and accumulation models to reproduce the given
age markers. The input data for the models are ATijpjtial (Uemura
et al., 2018), which was scaled to A in the accumulation model,
and absolute ice-age markers based on the °Be and 80,/N; data for
the last 207 kyr BP (see 2.5.2), added by published age markers for
the older period (Dome Fuji Ice Core Project Members, 2017).

The initial scenario of LID was constructed by converting the
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Table 1
Dome Fuji ice core data.
Species Depth range (m) Reference Remarks
CHy 112.88—2148.62 This study, Oyabu et al. (2020) Measured at NIPR in 2015—2021
CHy4 120.19—-2144.62 Kawamura (2001); Buizert et al. (2021) Measured at TU in 1999—2000
CH4 413.89—-937.08 Buizert et al. (2021) Measured at IGE in 2010
30,/N; 112.88—2148.62 This study, Oyabu et al. (2020), Oyabu et al. (2021)
315N 112.88—2148.62 This study, Oyabu et al. (2020), Oyabu et al. (2021), Buizert et al. (2021)
3'80jce 1.63—2158.0 Dome Fuji Ice Core Project Members. (2017) Sawdust samples
ATsite 1.63-2158.0 Uemura et al. (2018)
ECM 6.2—1020 Fujita et al. (2015)
10ge_14C 8.5-241.94 (DF2001 and DF2 Horiuchi et al. (2008), Miyake et al. (2015), Miyake et al. (2019), Kanzawa DF2001 or DF2 core, converted to DF1 core
matching core) etal. (2021) depth

gravitational component of 3'°N data (515Ngrav) with a barometric
equation (3"Ngray =~ 4mgz/RT x 1000, in %o) (Schwander, 1989),
where 4m is mass difference, g is the gravitational acceleration, z is
the thickness of diffusive layer in firn (LID minus convective zone
thickness), R is the ideal gas constant, and T is temperature. BlsNgl-av
was deduced by subtracting thermal component (3"°Nherm) from
the measured 3N record (Severinghaus et al., 1998). For the initial
scenario, we assumed a constant 3"°Nierm (= —0.026%o), which
was the average of published values over 2.5—54 kyr BP from the
DynaDens model (Buizert et al., 2021), and a constant convective
zone (4 m) (Buizert et al., 2021; Kawamura et al., 2006). To reduce
short-term scatters in the original 3°N record, we slightly
smoothed the record by the three-point running mean, evenly
resampled at 0.1-kyr intervals, and smoothed it by the 0.7-kyr
running mean (Fig. 1). We estimated the uncertainty of LID as 5%
(1 o) based on the discrepancy between §'°N-based LID and
DynaDens LID.

2.5. Age constraints

2.5.1. Intervals between neighboring ice age markers (ice age
intervals)

We take advantage of the ability of the Paleochrono model to
accommodate age differences between stratigraphic layers (ice age
intervals) with uncertainties as the age constraints (Parrenin et al.,
2015). This type of constraints is suitable for incorporating the
layer-counted part of the WAIS Divide age scale (WD2014) into the
DF chronology through volcanic synchronization (0—31.2 kyr BP).
Previous works synchronized between the WD and EDC cores

(Buizert et al., 2018), and between the DF and EDC cores (Fujita
et al., 2015), but the direct synchronization between the DF and
WD cores was lacking. Thus, using the indirect synchronization
between the DF and WD cores from the previous studies as a guide,
we newly identified common volcanic peaks between the ECM of
the DF core (Fujita et al., 2015) and sulfur (or SO3~) concentrations
of the WD core (McConnell, 2017; Cole-Dai et al., 20144, 2014b). The
matchings were independently conducted by two investigators (1.
Oyabu and K. Kawamura), and the common picks (167 tie points)
were employed. We note that the DF core can also be precisely
synchronized to the Greenland Ice Core Chronology (GICC05) via
the bipolar volcanic matching between the NGRIP and WD cores by
Svensson et al. (2020) (Supplemental data). The volcanic synchro-
nization between the DF and NGRIP cores is used for Adepth esti-
mates (see section 2.5.4) (thus, not used for the ice age intervals or
absolute ice age markers).

From the WD-DF tie points, 165 ice age intervals are derived,
most of which are smaller than 300 years (maximum is about 2000
years). The uncertainty of ice age interval has two components: (1)
counting uncertainty in the original WD2014 age scale for the in-
tervals (0.1—-10.6 years, larger for the deeper depth) and (2) depth
uncertainty for matching between the two cores (<2 years, asso-
ciated with data resolution). Total uncertainty of the ice age interval
is estimated to be 0.1-10.8 years (one standard deviation).

2.5.2. Absolute ice age markers

For the last 7500 years (11—242 m), we use the published tie
points between the 1°Be flux record in the second DF core and tree-
ring C record (Horiuchi et al., 2008; Miyake et al., 2015, 2019,
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Fig. 1. Comparisons of data and model for 3'°N, LID and Aage of the DF core. (a) 3'°N data and its 0.7-kyr running mean, modeled 3'°N (total as well as gravitational and thermal
components) from the DynaDens model in inverse mode (Step 7), and modeled total 3'°N from the DynaDens model but with linear scaling factors for temperature and accu-
mulation rate (base run, Step 5). (b) LID by subtracting modeled 3'>N¢herm from smoothed 3'°N data, and that by DynaDens model (Step 7). Grey shading indicates the estimated
uncertainty (1 o) for the 3'°N-based LID. (c) Empirical and modeled Aage (model results are after Step 5 and Step 7 by DynaDens model).
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Fig. 2. Age constraints for ice and gas in the DF core. (a) Ice age constraints with 3'80;.. as reference (Dome Fuji Ice Core Project Members, 2017). Different markers indicate the
volcanic horizons for intervals between neighboring ice age markers (ice age intervals), '°Be absolute age markers, and 30,/N, age markers. (b) Gas age constraints with CH, record
as reference. Different markers indicate the CHy4 transitions (for DO events and minor wiggles) for deducing intervals between neighboring gas age markers (gas age intervals) or
Adepth through the synchronization to WDC or NGRIP core (for 0—65 kyr BP), or through bipolar-seesaw assumption (>65 kyr BP). (c) and (d) Enlarged views of (a) and (b),

respectively.

Table 2

Absolute ice age markers from matching of ice-core!°Be with tree-ring'“C.
Ice depth (m, DF1) Ice age (yr before 1950) 1o (yr) Core name Reference
11.07 135 426 DF2001 Horiuchi et al. (2008)
12.59 165 4.26 DF2001 Horiuchi et al. (2008)
14.60 195 4.26 DF2001 Horiuchi et al. (2008)
18.90 265 5.02 DF2001 Horiuchi et al. (2008)
22.00 345 4.02 DF2001 Horiuchi et al. (2008)
28.90 505 422 DF2001 Horiuchi et al. (2008)
35.90 645 5.15 DF2001 Horiuchi et al. (2008)
43.00 805 5.87 DF2001 Horiuchi et al. (2008)
46.30 905 5.70 DF2001 Horiuchi et al. (2008)
47.60 935 5.43 DF2001 Horiuchi et al. (2008)
48.47 956 0.78 DF2001 Miyake et al. (2015)
52.10 1045 5.35 DF2001 Horiuchi et al. (2008)
56.70 1165 6.88 DF2001 Horiuchi et al. (2008)
56.81 1175 1.01 DF2001 Miyake et al. (2019)
57.60 1195 6.88 DF2001 Horiuchi et al. (2008)
24237 7427 2.65 DF2 Kanzawa et al. (2021)

Kanzawa et al., 2021, Table 2). We converted the depths of DF2001
core (the shallow part of the second DF core) and the second DF
core (DF2), on which '°Be was measured, to the depths of the first
DF core using the published volcanic signals (Motizuki et al., 2014;
Fujita et al., 2015). The total age uncertainty of the absolute age at
the 1°Be peaks are 0.8—7 years (15), which is the combination of the
matching error (0.6—7 years, depending on the DF data resolution)
and the depth conversion error (0.02—0.03 m, corresponding to

0.3—0.6 years).

For the period older than ~90 kyr BP, we use orbital control
points between 303/N» and local insolation (Fig. 3 and Table 3;
Oyabu et al,, 2021 and this study). Oyabu et al. (2021) confirmed
close similarity between the summer solstice insolation at 77°S and
303/N5 in the DF core for the period older than ~90 kyr BP by high-
precision measurements. For the period younger than ~90 kyr BP,
they found large scatter in the 80,/N; data in the lower part and



I. Oyabu, K. Kawamura, C. Buizert et al.

Quaternary Science Reviews 294 (2022) 107754

(a)
0
7% S, ek
—~ -10 — D, HE Rod
2 ISR TR i
~ : @ o R
ZN 20 f %? 5 ;
20 R 4
é“ $ i &
© S
-30 —e— This study: without gas-loss correction
o~ Oyabu et al. (2021): without gas-loss correction
Kawamura et al. (2007): After gas-loss correction
-<- Kawamura et al. (2007): Before gas loss correction

I I
1200

I I
1100 1300 1400 1500 1600

Depth (m

1700 1800 1900 2000 2100

)

400

L 450

500
| 550 2

% 600

- 650

L 700

o
>

‘Osul 8211s|0s Jawwns g /.

120

140

160 180 200

DF2021 (kyr BP)

Fig. 3. 30,/N; from the DF core. (a) Comparison of the new 30,/N, data used for the DF2021 chronology (Oyabu et al., 2021 and this study) with the previous data for the DFO-2006
chronology (Kawamura et al., 2007) from the DF core. While the previous data were treated by post-coring gas-loss correction and outlier rejection, the correction was not necessary
for the new data because of improved sample treatment and measurement. (b) New 80,/N, data (blue circles), low-pass filtered 30,/N, record for identifying age markers (red line),
summer solstice insolation at 77°S (black dotted line; computed with the Analyseries software, Paillard et al., 1996 with solution of Laskar et al., 2004), and peak ages in the filtered

80,/N, with 20 uncertainty used as age markers for DF2021 (blue markers with error bars at
is referred to the Web version of this article.)

Table 3
Absolute ice age markers from 30;/N,.

Ice depth (m) Age (yr BP) 1o (yr)
1393.91 94184 588
1518.57 106243 417
1612.87 116814 258
1714.79 126404 251
1826.35 137372 252
1892.60 150331 284
1955.20 164315 287
2009.24 176283 271
2050.12 186408 250
2100.89 197314 229

just below the bubble-clathrate hydrate transition zone (BCTZ). In
the BCTZ, extreme gas fractionation on the order of several hun-
dreds of %o occur between individual bubbles and clathrate hy-
drates (Ikeda-Fukazawa et al., 2001). This process also fractionates
002/N, between mme-scale layers in the ice sheet, causing the large
scatter in the 30,/N, data. In the DF core, this transition is
completed at ~1200 m depth (~77 kyr BP), and the scatter becomes
smaller with depth until it is negligible at ~1500 m (~100 kyr BP)
because of gradual smoothing by molecular diffusion between the
layers (Liithi et al., 2010; Oyabu et al., 2021). See Oyabu et al. (2021)
for details. We used the ages of maxima and minima in the 30,/N;
record as the synchronization tie points, which are assumed to be
synchronous with the peaks in the summer solstice insolation. To
identify the ages of maxima and minima in the 30,/N; record on
the orbital-scale timescale, the 02/N; data was first put on the
DFGT-2003 chronology (Watanabe et al., 2003b), linearly interpo-
lated at 0.1 kyr intervals and smoothed with the low-pass filter
(cut-off period: 16.7 kyr; Kawamura et al., 2007). The maxima and

the top). (For interpretation of the references to colour in this figure legend, the reader

minima in the smoothed 802/N, record were used as the control
points and used for Step 1. As the chronology was revised after Step
1, the maxima and minima in the 305/N; were re-calculated and
used as the control points for Step 2.

We assume no lag of the 30,/N; record behind summer solstice
insolation, following the discussion of Kawamura et al. (2007).
Briefly, the seasonal maximum of air temperature at DF lags the
insolation maximum by ~1 week (Fig. A2), roughly corresponding
to an age offset of ~500 years if the snow properties responsible for
the ice-core 30,/N; signals varies synchronously with air temper-
ature. However, the actual lag of the changes of snow properties
behind insolation is expected to be smaller, considering that solar
energy should also be directly absorbed by the near-surface snow
and affects its properties, and that the seasonal maximum in the
vertical temperature gradient (between 10 and 50 cm depths) is
observed slightly earlier than the summer solstice (Kawamura
et al., 2007). Also, as discussed below, our new DF O,/N, chronol-
ogy agrees well with the U-Th chronologies of Chinese and Euro-
pean speleothems within their uncertainties, supporting the
assumption of zero lag.

The uncertainty of the 80,/N, tie points were estimated by
considering the following two components: uncertainty of the peak
positions in the filtered 30,/N, curve because of the noise and
resolution of the data, and possible variability of phasing between
local insolation and 80,/N,. The former uncertainty was assessed
by a Monte Carlo approach, in which the low-pass filter was applied
to 1000 pseudo 80;/N; datasets generated by unequally spaced re-
sampling of the filtered 30,/N;, curve (mean interval: 512 + 123
years) added by the following noise. For the O,/N, noise, we
employed standard deviations of 3.4, 1.9 and 0.4%. for the periods of
<72, 72—102, and 102—200 kyr BP, respectively, which is the re-
sidual 80,/N, data after subtracting the filtered curve. The
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uncertainty in the peak timing was estimated as the variability of
the peak position in the 1000 low-pass filtered pseudo datasets,
ranging from 99 to 551 years (10). We performed the same analyses
using the summer solstice insolation curve at 77°S instead of the
filtered 30,/N; as the reference curve. The variabilities of the peak
positions are 97—502 years, similar to the above results. We also
applied the Monte Carlo method by simply adding noise to the
original 0,/N; data (instead of smoothed and re-sampled 302/N2,
Kawamura et al., 2007), and obtained the variabilities of 99—536
years. We used the largest of the three values for each peak for a
conservative uncertainty estimate. We also found slight deviations
of the average peak ages of the Monte Carlo simulation from the
those in the insolation curve, within +70 years; thus, we also
included an independent error of +50 years (10) for a conservative
uncertainty estimate.

For the latter uncertainty (possible phase variability between
insolation and 30,/N;), we assumed that the modern observation of
variability of phasing between seasonal peaks of daily air temper-
ature and insolation translates to the variability of phasing between
003/N, and summer solstice insolation curve for the orbital tuning
(in other words, the date of the tuning target may randomly deviate
from the summer solstice by the amount equivalent to the modern
variability of seasonal temperature peak). The dates of peak air
temperature measured by automatic weather stations at Dome Fuji
between 1994 and 2001 (Takahashi et al., 2004) and 2010—2021
(Morino et al., 2021) (Fig. A2) were extracted using a general peak
fitting algorithm (“Multipeak Fitting 2” package of Igor Pro®), and
the variability of peak dates was found to be 2.9 days (1 o). This
roughly corresponds to 3° on the orbit, which yield the variability of
the insolation peaks by ~200 years.

Assuming that the above errors are uncorrelated, the total un-
certainty was estimated to be 229—588 years (10) by adding them
in quadrature (Table 3).

2.5.3. Intervals between neighboring gas age markers (gas age
intervals)
We constructed gas age intervals by matching the CHy4 record of

Table 4
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the DF core to the records of WD CHy4 (12—29 kyr BP) and NGRIP
3'80ice (39—60 kyr BP) at the abrupt warming events (Tables 4 and
5). The age of the midpoints of the DO transitions for the WDC and
NGRIP are taken from Buizert et al. (2015) and Svensson et al.
(2020), respectively. The GICCO5 chronology of the NGRIP 3'80;c.
was multiplied by 1.0063 to make it consistent with the WD2014
chronology (Buizert et al., 2015).

2.54. Gas depth — ice depth difference (Adepth)

We derived Adepth by three methods: (1) synchronization of
the DF ice and gas depths with those of the WD core (0—29 kyr BP)
(Fig. 4a), (2) synchronization of the DF ice and gas depths with the
ice depths of the NGRIP core (33—60 kyr BP) (Fig. 4b), and (3)
correlation of the abrupt CH4 rises and corresponding Antarctic
Isotope Maxima (AIM) in the DF core assuming bipolar seesaw
relationship (Fig. 4c) (Parrenin et al., 2012). The obtained Adepth
are shown in Fig. 5, and numbers and uncertainties are summarized
in Supplemental data.

For Method 1, the DF gas depths were matched to the WD gas
depths using clear prominent variations in the CHy4 record (Fig. 2),
and the WD ice depths corresponding to the gas age were trans-
ferred to the DF ice depth by interpolation between the neigh-
boring volcanic matching points (Fujita et al., 2015; Buizert et al.,
2018). For the interpolation, we used age scales (WD2014 for
WDC and the tentative age scale from Step 1 for DF) rather than
depth scales to consider the variations of annual layer thickness
between the volcanic tie points.

For Method 2, the abrupt 8'0;c. changes at DO warmings in the
NGRIP core were matched to the corresponding DF CH4 changes,
and also to the DF ice depth by interpolation between the neigh-
boring volcanic matching points (Supplemental data; Fujita et al.,
2015; Svensson et al, 2020). For the interpolation, we used
GICCO5 chronology multiplied by 1.0063 (Buizert et al., 2015) for
the NGRIP core, and the tentative age scale from Step 1 for the DF
core.

For Method 3, we assume synchroneity between the gas depth
of midpoint of an abrupt CH4 increase and the ice depth of

Midpoints in the DF CH4 record for abrupt transitions, and age comparison with other records.

Dome Fuji (DF2021) WAIS Divide® Hulu® NGRIP® (GICCO5)
(WD2014)
Gas depth Matching uncert. Matching uncert. Gas age (yr Age uncert. Age (yr Age uncert. Age (yr Age uncert. Age (yr Age uncert.  GICCO5*
(m) (m, 10) (yr, 10) BP) (yr, 20) BP) (yr, 20) BP) (yr, 20) BP) (yr, 20) 1.0063 (yr
BP)

YD-PB 420.22 0.97 42 11550 53 11546 69 11619 98
BA-YD 446.78 1.13 49 12755 74 12769 101 12776 135
OD-BA 481.39 1.16 81 14560 88 14576 146 14643 186
DO3  665.44 0.38 32 27725 112 27755 278 27922 95 27726 832
DO4  682.20 1.49 56 28935 146 29011 290 29134 92 28838 898
D05.2 724.61 0.50 40 32503 241 32631 325 32667 236 32450 1132 32654
DO6  742.79 0.62 40 33832 361 33874 510 34034 337 33687 1211 33899
DO7  763.56 0.89 63 35592 432 35636 480 35532 299 35437 1321 35660
DO8  798.53 1.27 95 38330 495 38381 318 38307 155 38165 1449 38405
DO9  826.86 0.13 9 40297 554 40332 399 40264 241 40104 1579 40357
DO10 843.57 0.76 56 41622 577 41643 376 41664 310 41407 1635 41668
DO11 865.03 1.25 102 43521 620 43544 274 43634 144 43296 1737 43569
DO12 907.88 0.63 49 47026 678 47064 378 47264 153 46793 1912 47088
DO13 938.34 0.63 48 49432 700 49506 347 49562 251 49221 2031 49531
D014 989.83 1.51 74 54362 786 54480 521 54163 2301 54504
DO15.2 101143 0.76 63 56036 825 56063 434 55737 2391 56088
DO16.1 1037.01  1.39 127 58255 864 58328 329 57987 2498 58352
DO17.1 1051.11 0.50 48 59348 906 59364 441 59364 366 59017 2556 59389
DO17.2 1058.63 0.74 85 59836 938 59735 333 59772 254 59385 2573 59759

Numbers in bold letters are used as age constraints through gas age intervals or Adepth, for constructing DF2021.

2 Buizert et al. (2015).
b Svensson et al. (2020).
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Table 5
Gas age intervals from CH4 matching between the DF and other cores.
Gas depth Top (m) Gas depth Bottom (m) Duration (yr) 1o (yr) Description Chronology
420.22 446.78 1223 46 YD-PB — BA/YD WD2014
446.78 481.39 1807 87 BA/YD — OD/BA WD2014
481.39 665.44 13179 334 DO1 — DO3 WD2014
665.44 682.87 1256 71 DO3 — D04 WD2014
682.87 724.61 3645 145 DO4 — DO5.2 GICCO5 x 1.0063
724.61 742.79 1243 142 DO05.2 — DO6 GICCO5 x 1.0063
742.79 763.56 1761 106 D06 — DO7 GICCO5 x 1.0063
763.56 798.53 2745 131 DO7 — DO8 GICCO5 x 1.0063
798.53 826.86 1951 128 DO8 — D09 GICCO5 x 1.0063
826.86 843.57 1311 80 D09 — DO10 GICCO5 x 1.0063
843.57 865.03 1901 121 DO10 — DO11 GICCO5 x 1.0063
865.03 907.88 3519 139 DO11 — DO12 GICCO5 x 1.0063
906.86 938.34 2443 90 DO12 — DO13 GICCO5 x 1.0063
938.34 989.83 4973 188 DO13 — DO14 GICCO5 x 1.0063
989.83 1011.43 1584 137 DO14 — DO15 GICCO5 x 1.0063
1011.43 1037.01 2264 132 DO15.2 — DO16.1 GICCO5 x 1.0063
1037.01 1051.11 1036 201 DO16.1 — DO17.1 GICCO5 x 1.0063
1051.11 1058.625 370 175 DO17.1 — DO17.2 GICCO5 x 1.0063
(a) Method 1 (b) Method 2 (c) Method 3
DF ™) WD DF NGRIP DF
Volcanic
ice SV”Chf?,,., vy Volcanic
depth P ‘fynchro AIM (50, )
Sagme """""""""" DO (80,
Adepth age Adepth Adepth
DO (CH,) DO (CH,)
2 CH4_61BO\09
@ CH, synchro
synchro
Fig. 4. Schematic of three methods for estimating Adepth (see text for detailed explanation). DF: Dome Fuji, WD: WAIS Divide.
Adepth (m correspondin ice peak (highest point in the raw ice data

pth (m) ponding 3'80;ce peak (highest point in th 3180jce dat.

10 20 30 40 50 60 70 80 90 without smoothing, Dome Fuji Ice Core Project Members, 2017),

Loyl L1 L, 0 neglecting possible slight lag (~0.1 kyr, Svensson et al., 2020).
200 " 0@ © The sources of uncertainty of Adepth for Method 1 and 2 are the

i uncertainties in defining the midpoints of DO shifts (in CH4 or

400 BAYD orB 10 NGRIP §'80) and in the age scales of the WD, NGRIP, and DF cores
oD-8A 19€ for transferring the ice depths between the cores. For Method 3, the
600 | o5 uncertainty of Adepth comes from those in defining the midpoints
DO52 20004 of DO shifts in the DF CHy record and the corresponding peaks

800 — gli Fbod (AIMs) in the DF 3'80jce record (Table 6).

] PO g 0ot | 50 &G’) We did not use the Adepth for some DOs whenever the CHy
£ 1000 — Dois a peak height or resolution was not enough to precisely identify the
£ 200 a DO18 § Dow' o midpoints of transition (DO 14, 16.1, and 17.1), or the AIM position
§' ] DO20@» -7 2 could not be clearly identified (DO 24). We note that if we include

1400 DO21k— e Adepth for DO 14, 16.1 and 17.1, the solutions of Paleochrono show a
o 100 large dip (sudden enhancement and reversal) of thinning or an
) . .

1600 poas extreme shallowing of LID around 1000 m (ice age: ~59 kyr BP)
© Synchroto WDC || 125 (Fig. 5, A3), which appears unrealistic. Such large changes in thin-
1800 B MiSse ® :Ynclhro to NGRIP ning over the narrow depth range is unlikely because the impurity
1o S Nlc?touas:;eesaw L 150 concentrations are not particularly high or variable (Goto-Azuma
2000 — %5;' O Validation by Toba | I~ 175 et al,, 2019), and the depth is relatively shallow (1/3 of the ice
1 Baiviiara eruption (DO20) |1 200 sheet thickness). The required LID for producing the small Adepth is

2200

Fig. 5. Empirical Adepth for the DF core based on the ice and gas synchronizations to
the WDC and NGRIP core, or synchroneity between AIM and CH, transitions under the
bipolar seesaw assumption. Adepth for DO 14, 16.1 and 17.1 are not used for the age
construction (see text). Also shown is a validation point for DO 20 by the Toba bipolar
volcanic matching (Svensson et al., 2013) (see Appendix B for details).

about ~90 m, which is the smallest in the studied period despite the
presumably intermediate temperature in MIS 3. Although one
cannot entirely rule out such a scenario (anomalously high tem-
perature around AIM 14—16 corresponding to DO 14—16, which is
missed by firn model inversion or simple 3'80jc. scaling), there is no
evidence for it to reject the possible error in Adepth. Thus, the

10
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Table 6

Depth of AIM and CHy4 transitions in the DF core for deducing Adepth, with ages in the NGRIP, Chinese cave and European cave records for comparison.

Dome Fuji NGRIP Chinese cave European cave
AlM(ice  Depthuncert.(m, Ice Ageuncert.(yr, CHy Depthuncert.(m, Gas Ageuncert.(yr, GICCO5modelxt’(yr Age(yr Ageuncert.(yr, Cave name and Age(yr Ageuncert.(yr, Cave name
depth)(m) 10) age(yr 20) midpoint(gas 10) age(yr 20) BP) BP) 20) remarks BP) 20)
BP) depth)(m) BP)
DO18 107425 1.75 65074 1718 1117.81 0.88 65106 1743 64050 64500° 300 YX55 (after
transition)
DO19 1147.75 0.50 72467 2319 1191.06 1.25 72477 2326 72290 72200° 350 YX46 (within
transition)
D020 1189.25 0.63 75979 2412 1229.56 1.25 75962 2417 76390 75500° 430 YX46 (within 75795 240 SCH 6
transition)
75857" 190 BA1b
DO21 129025 4.38 84269 2215 1329.57 225 84404 2207 84710 85400° 600 YX46 (possibly ~ 84671" 100 BA7-
before transition) GAS25
84300° 700 SB22 (within
transition, low
resolution after
age marker)
D022 1398.80 1.13 91190 1485 89990
D023 1491.75 2.88 103496 1081 1522.80 0.87 103468 1118 103990 103745' 129 HUN14
103640' 178 GAS27
102600° 800 cC28
D024 1545.75 2.13 108948 1003 1577.81 0.88 109114 1080 108230 Between 108900 + 1100 SB23 (before and 108801" 210 HUN14
and 110800 + 2000° after transition)
108800° 1000 cC28
D025 1619.81 1.13 114366 929 115320 113400° 1000 SB23 (within 115350" 500 SCH7
gradual
transition)
MiIS5e 1760.05 5.63 130010 1007 1783.80 1.63 129866 1014 128950 100 SB25 (within Between 129100 +400 HOL10
transition) and 131100 + 1200’ (before
and after
transition)
Between 129600 + 600 SCH5
and 131700 + 600’ (before
and after
transition)
129000’ 1000 CC5
1864.25 2.13 144869 1229 1884.83 0.62 144858 1283
187325 2.38 146620 1095 1893.56 0.50 146560 1166
1894.00 1.63 150525 549 1912.56 0.75 150355 637
1938.35 0.63 160710 1101 1957.06 0.50 160745 1123 161100° 1300 SB11 (before
transition)
160000° 900 SB42 (before
transition)
1953.26 1.00 163945 563 1971.07 0.50 163880 628 164700° 1700 SB11 (before
transition)
163900° 1000 SB42 (before
transition)
1980.25 0.50 169822 1191 1997.31 0.63 169817 1213 169800° 1000 D10 (within
transition)
2000.13 0.72 174034 855 2014.90 0.85 173809 939
2027.63 1.75 180811 1036 2043.31 0.38 180808 1095 178900° 1400 SB11 (within
transition)
2066.37 0.50 190434 1051 2082.00 0.72 190447 1069 190900° 1400 D10 (within
transition)
2085.13 1.13 194091 959 2100.31 0.38 194058 989
MIS7a 211938 1.63 200433 969 2136.35 1.88 200872 1082 199400° 1700

(continued on next page)
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Table 6 (continued )

European cave

Chinese cave

NGRIP

Dome Fuji
AlM(ice

Ageuncert.(yr, Cave name

Age(yr
BP)

Ageuncert.(yr, Cave name and

Ageuncert.(yr, GICCO5modelxt'(yr Age(yr

age(yr 20)
BP)

Depthuncert.(m, Gas

midpoint(gas 10)
depth)(m)

Ageuncert.(yr, CHy

age(yr 20)
BP)

Depthuncert.(m, Ice

20)

remarks

20)

BP)

BP)

depth)(m) 10)

SPA

Between 20100 + 200
and 204100 +400~

SB11 (before
transition)

(before

and after

transition)

D8 (within
transition)

203900° 300

2 Rasmussen et al. (2014).
b Chen et al. (2016).

¢ Wang et al. (2008).

d Cheng et al. (2009).

e Kelly (2010).

f Moseley et al. (2020).
€ Boch et al. (2011).

h_ Drysdale et al. (2007).
! Moseley et al. (2015).

i Drysdale et al. (2005).
k Wendt et al. (2021).
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anomalous Adepth may have large errors due to the insufficient
data resolution, errors in the underlying chronology (GICCO5), or
errors in volcanic matchings between the cores.

3. Results and discussion
3.1. New chronology (DF2021)

We obtained the new (DF2021) chronology through Step 1 -
Step 9 (Section 2.1). Fig. 6 shows the constructed ice age and gas
age, together with A, LID, 7, Aage, Adepth and annual layer thick-
ness with their uncertainties. The estimated chronological uncer-
tainty is very small (<+100 years, 20) between 0 and 31 kyr BP
because the chronology is densely constrained by the WD2014
chronology through the ice age intervals and Adepth, as well as the
10Be—14C absolute age markers. The uncertainty is within +900
years (20) between 31 and 60 kyr BP, where the chronology is
relatively well constrained by the gas age intervals and Adepth
through the matchings with NGRIP. The largest age uncertainties of
up to +2400 years for both ice and gas are observed between 60 and
90 kyr BP where the chronology is only constrained by Adepth from
the bipolar seesaw assumption. For the period older than 90 kyr BP,
the uncertainty is relatively small (~500 years) at the 30,/N; tie
points, and it increases to ~1300 years between the tie points.

The range of Aage in the interglacials is comprised between
2300 and 2600 years for the Holocene (the last ~12 kyr) and be-
tween 1900 and 2600 years for the last interglacial period
(130—121 kyr BP). The Aage is up to ~4600 years in the glacial
periods owing to a reduced accumulation rate. The values at the last
and penultimate glacial maxima are similar. Compared to the pre-
vious estimate of Aage for DFO-2006 (from forward modeling using
Pimienta-Barnola model), Aage of the DF2021 in the interglacial
periods (Holocene and MIS5e) is ~300 years larger, while it is
~400—500 years smaller in the glacial maxima (amplitude of Aage
is smaller for DF2021 Aage).

We compare the DF2021 chronology with the previous DF
chronologies (Fig. 7) (DFGT-2003 by Watanabe et al. (2003b); DFO-
2006 by Kawamura et al. (2007); DFGT-2006 by Parrenin et al.
(2007a); N2016 by Nakano et al. (2016)). For the relatively young
part (0—60 kyr BP), the previous chronologies were constrained by
only one or two age control points, thus it is not surprising that they
show relatively large deviations from the new chronology.

The DFGT-2003 used the orbital-scale phasing in the 3'®0jce
record for the age tie points (with error of +6 kyr), whereas the
DFGT-2006 used the 80,/N, tie points with smaller error assign-
ments (+1.4-5.6 kyr). For these chronologies, a total of five pa-
rameters in the models were inverted for the whole age range for
the DF1 core (0—340 kyr BP) to minimize the overall age deviations
from the tie points. Their deviations from our new chronology are
within ~3 kyr, and they tend to underestimate the age for the last
glacial period, and overestimate it in the penultimate glacial period.

On the other hand, DFO-2006 applied posteriori age correction
to DFGT-2003 to strictly pass through the 80;,/N; tie points (older
than ~80 kyr BP), and the N2016 chronology employed a sequential
Bayesian approach to locally adjust the accumulation rate and
thinning function to reproduce the 30,/N; tie points within error.
Thus, they are similar to each other for period older than ~80 kyr BP,
and their errors reflect those of the 602/N; tie points, which are
placed roughly every 11 kyr. The possibility of large error of the
DFO-2006 chronology was pointed out by Fujita et al. (2015) that
the 30,/N, age marker at 94.2 kyr BP was older by ~3 kyr than the
U—Th chronology of Chinese speleothem (Barker et al., 2011). Error
of DFO-2006 for this age was also suggested from a large step-like
change in the annual layer thickness at 92 kyr BP, calculated
directly from the DFO-2006 chronology (1376 m, Fig. 6), while there
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is no such step in the 5'80jc. profile. The DF2021 chronology (with
improved 30;/N; dataset) gives the age of 94.2,116.7 and 126.4 kyr
BP to the old 802/N, age markers, which are younger than DFO-
2006 by 1.6, 1.0 and 1.3 kyr, respectively. Between 145 and 190
kyr BP, the old 30,/N; tie points are shifted by about 1 kyr toward
the older direction.

3.2. Glaciological parameters and sensitivity test

The average accumulation rate over the Holocene is estimated to
be 2.94 cm-of-ice yr~! with the maximum of 3.15 cm-of-ice yr! in
the early part, and 3.87 cm-of-ice yr~! for the peak of the last
interglacial period (128.3—131.5 kyr BP, Fig. 6d). The accumulation
rate is 1.85 cm-of-ice yr~! on average in the last glacial period

Age (kyr BP)
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(19—111 kyr BP), with the minima in the LGM and MIS 4. The values
in MIS 6 are similar to the LGM value. In general, the accumulation
rates from the initial and intermediate steps in this study (Step 1
and Step 7) as well as previous estimates (Parrenin et al., 2007a;
Dome Fuji Ice Core Project Members, 2017) agree with the final
result of this study (after Step 9) within the estimated uncertainty.
The difference between the final accumulation rate (from Paleo-
chrono probabilistic model) and that after Step 7 (from DynaDens
firn model) is mostly less than 10%. The close agreement on past
accumulation rates is owing to the high-resolution 3!°N and Aage
data available for the DF core, which together strongly constrain
past A.

The thinning function in the final result agrees within 10% with
the initial scenario from the ice flow model of Parrenin et al.

L

0 5 10 20 30 45 60 75 100 125 150 200
200 | | | | | | | | | 2500
o T 1507(3) 2000 S © lce age marker (30,/N,)
o) =
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Fig. 6. The DF2021 chronology and associated glaciological parameters. (a) Ice age scale with 2¢ uncertainty, and ice age constraints. (b) Gas age scale with 2¢ uncertainty, and gas
age and Adepth constraints. (c) Aage with 2¢ uncertainty, intermediate Aage from the firn model, and previous Aage in DFO-2006 (Kawamura et al., 2007). (d) Accumulation rate
with 1¢ uncertainty, initial scenario, intermediate scenarios from firn models, and previous studies (Nakano et al., 2016; Dome Fuji Ice Core Project Members, 2017). (e) Same as (d)
but for LID. (f) Same as (d) but for annual layer thickness. (g) Adepth with 10 uncertainty. (h) Thinning function with 1o uncertainty, initial scenario, and model result with constant

ice thickness.
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(2007a), which incorporate glacial-interglacial variations in ice
sheet thickness (thinner in glacial periods) (Fig. 6h). Even if we start
from a simpler initial scenario with a constant ice sheet thickness
(fixed to present-day, Run 3 in Table 7), the final thinning function
significantly deviates from the initial scenario below ~300 m to
become in agreement with the standard result (Fig. 8f and i,
magenta). This demonstrates the performance of Paleochrono
model, which can reasonably correct the glaciological parameters
with the chronological constraints used in this study.

The average LID is ~104 m in the Holocene and ~95 m in the LGM
(19—28 kyr BP) (Fig. 6e). Overall, the LID from the final result (Step
9) agrees with those based on both the 3'°N data (Step 1) and the
DynaDens firn model (Step 7, constrained by 3!°N and Aage data)
within the estimated uncertainty of the final result. For example,
the difference between the LID of Step 9 and that of Step 7 is mostly
within 5%.

To examine whether the chronology after Step 9 (Paleochrono)
is sensitive to the prior of LID, A and 7 used in the intermediate
steps, we tested the method with another firn densification model
(Bréant model, Bréant et al., 2017), accumulation histories and
thinning function. The Bréant model employs reduced temperature
sensitivity at low temperatures and introduced the hypothetical
influence of impurities in softening the firn, which enhanced
densification rates in dusty glacial periods. The model required T, A
and Ca®* concentration as input data. For the test, we adjusted the
amplitude of ATsje (Uemura et al.,, 2018) for obtaining T that
matched the glacial-interglacial difference in 3'°N and Aage data,
while we fixed A and Ca®* scenarios. A was derived from the pos-
terior after Step 9 (i.e., the final result from Paleochrono). The Ca®*
record was taken from Goto-Azuma et al. (2019) (Fig. A4c), with
replacement of relatively poor-quality data from the latter part of
the last termination to early Holocene by linearly interpolating
between four data points at 14.5, 12.8, 11.8 and 8.6 kyr BP to reject
unnaturally high scatter. The T thus tuned shows the glacial-
interglacial difference of about 15 °C (Fig. A4b), which would give
different temperature profile in the firn (and thus 3" Niperm) from
the those with the DynaDens model (Fig. A4g-i).

The LID from the Bréant model and DynaDens model (Step 7)
agree with each other and reproduce thinner firn in the glacial
period (Fig. 6e, A4f). Note that the temperature histories are largely
different for the different densification models, but the resulting
LID histories are similar, albeit with some differences. For example,
the onset of LID deepening (reduction) for Termination I (after the
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last interglacial period) is earlier in the Bréant model result. The
differences are due to the different timings of T and A changes
(Fig. Ada, A4b), which in turn is due to the difference in how the
models are run; while the Bréant model uses T from linear scaling
of the original ATjte (Uemura et al., 2018) and allows some misfits
with the 3'°N data, the DynaDens model locally inverts Tand A (i.e.,
modify the shape of original ATje) to closely follow the 3'°N data.
The amplitude of 3 Niherm Of the DynaDens model is generally
smaller than that of the Bréant model due to smaller surface tem-
perature variations.

To examine the sensitivity of the resulting chronology to the
initial conditions, we run Paleochrono with different combinations
of A, LID and 7 as shown in Table 7. In all cases, the differences in age
between the alternative results and the standard results are much
smaller than the estimated uncertainties (Fig. 8a and b), with the
maximum differences of 373 and 349 yr for ice and gas age,
respectively, at around 70 kyr BP where the age constraints are
weak (see above). The ice age is most sensitive to prior A (Run 2),
while the gas age is sensitive to both prior A and LID (Run 2, 6). The
prior LID appears to affect gas age through its effect on Aage (note
the similarity between gas age and Aage deviations). The change of
prior 7 has small impact on the final chronology (less than 120 yr)
(Run 3).

The difference of 3"’ Niherm (Run 1 and 5), which is subtracted
from the 3'°N data to deduce prior LID (Fig. A4f), between the
Bréant and Dynadens models does not affect the chronology by
more than 50 years on average with the maximum difference of
~200 years, because the 3'°N signal is dominated by 3'°Ngay
(Fig. 8e). The use of modeled LID (Run 4 and Run 6) also does not
significantly affect the chronology. We prefer to use the prior LID
from the 3'°N data corrected with the modeled 3"°Niperm, because
the 3'°N signal is dominated by LID and it is difficult to perfectly
reproduce 3'°N data by the firn models. In any case, the differences
in gas age and Aage when using different prior LIDs are less than
~400 years (Fig. 8b and c). Around the onset of the Termination I
and II (~19 and ~140 kyr BP), which are important for paleoclimatic
discussion (e.g., lead/lag of temperature and CO;), Aage from all
runs agree with each other fairly well (within 200 years).

3.3. Comparison with other chronologies

We compare our new DF2021 chronology with the following
chronologies: (1) WD2014 and GICCO5 as well as U—Th chronology

DFGT2003 — DFO-2006 — DFGT-2006 — N2016 — AICC2012 AICC2012,_
@~ GICCO5 (< 60 kyr BP), GICCO5modelext (> 60 kyr BP)
o O,/N, marker Uncert. (20)
4000
N
o AN
= 2000 L,, AN
> iV N
82 A o
2 > ] S <\ > 3
58 Znges \@,\/9 /Vu\f A NS ]
295 N ~
= d wd =R
65 \\ LE"\h__,\ \-.//’ /' \\Q/-ﬂ’ ; \b\&
56 -2000 X A
8 - N
(5]
= .4000 . . . N .
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DF2021 (kyr BP)

Fig. 7. Age difference between DF2021 and previous DF chronologies as well as AICC2012, AICC2012gx¢er and GICCO5. DFGT-2003: Watanabe et al. (2003b), DF0-2006: Kawamura
et al. (2007), DFGT-2006: Parrenin et al. (2007a), N2016: Nakano et al. (2016), AICC2012: Veres et al. (2013); Bazin et al. (2013), AICC2012gx¢er: Extier et al. (2018), GICCO5: Vinther
et al. (2006); Andersen et al. (2006); Rasmussen et al. (2006); Svensson et al. (2006); Svensson et al. (2008), and GICCO5modelext Wolff et al. (2010); Johnsen et al. (2001).
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Table 7
Combination of A, LID and t for the sensitivity test.
Run No. Run name A LID T
1 Step 9_STD DynaDens (Step 7) AN data corrected with DynaDensd'>Niherm (Step 8) After Step 2_STD
2 Step 9_A 1-D ice flow model (Step 1) 3'°N data corrected with DynaDensd'°Nyerm (Step 8) After Step 2_STD
3 Step 9_t DynaDens (Step 7) 3'5N data corrected with DynaDensd'°Nperm (Step 8) 1-D ice flow model (constant ice sheet thickness)
4 Step 9_LID (DynaDens) After Step 9_STD DynaDens (Step 7) After Step 2_STD
5 Step 9_LID After Step 9_STD 3'5N data corrected with Bréantd'*Niperm After Step 2_STD

(Bréantl 5Ntherm)
Step 9_LID (Bréant)
7 Step 2_STD

[}

After Step 9_STD Bréant model

After Step 2_STD

1-D ice flow model (Step 1) 8!°N data corrected with constant 8'°Nperm (Step 1) 1-D ice flow model (Step 1)

of Chinese speleothem (Hulu) for the last 60 kyr, (2) AICC2012 and
GICCO5modelext as well as U-Th chronology of Chinese and Eu-
ropean (Switzerland and Austria) speleothems for 60—130 kyr BP,
and (3) U-Th chronology of Chinese speleothem (Sanbao and
Dongge) for 130—200 kyr BP.

3.3.1. Last 60 kyr

First, we compare DF2021 with the layer-counted WD2014 and
GICCO5 chronologies that were used to constrain DF2021 through
the ice age and gas age intervals. Fig. 9 shows the age differences
between DF2021 and WD2014 or GICCO5 chronologies.

For the last 30 kyr, the comparisons between DF2021 and
WD2014 at the volcanic and CH4 match points (this study) show
that the DF2021 ice and gas ages agree with those of WD2014
within 20 and 80 years, respectively, with DF2021 being slightly
younger than WD2014 (by 10 yr on average for 93 points and 20 yr
on average for 12 points for ice age and gas age, respectively) be-
tween 10 and 30 kyr BP. We note that the DF2021 - WD2014 gas age
difference is 56 yr at 23.9 kyr BP where the estimated gas age un-
certainty is relatively large (~400 yr, 20), suggesting that the actual
error of DF2021 is smaller than the statistical error estimate around
this age.

Between 30 and 60 kyr BP, the comparisons between DF2021
and GICCO5 x 1.0063 can be made either by the CH4 (DF gas) —
3'80ice (NGRIP ice) matching at abrupt changes (this study) and the
bipolar volcanic matching (DF ice — WDC ice — NGRIP ice)
(Svensson et al., 2020 and this study). The difference between
DF2021 and GICCO5 x 1.0063 is smaller than 160 and 150 years for
the DF ice and gas age, respectively. The differences between
DF2021 (gas) and WD2014 (gas) at the match points are similar to
those between DF2021 (gas) and GICCO5x 1.0063 (ice), as expected
from the fact that the construction of WD2014 (gas) incorporated
the matching to GICCO5x 1.0063 (ice) (Buizert et al., 2015). On the
other hand, a relatively large difference of up to 502 years is
observed between DF2021 (ice) and WD2014 (ice) for the 50—55
kyr BP period, although it is within the 26 uncertainty of WD2014.
This interval corresponds to the long-duration DO interstadial 14,
during which there were no interpolar CH4 tie points to anchor the
WD2014 chronology (Buizert et al., 2015); the deviation may thus
reflect an interpolation artifact in WD2014. For this period, the age
difference is small around the CHy4 tie points (at ~49 and 54 kyr BP)
and it rapidly increases towards the largest difference at ~53 kyr BP.
Considering that the difference between WD2014 and GICCO5 x
1.0063 is also largest in this range, and that the difference between
DF2021 and GICCO5x 1.0063 is relatively small, the relatively large
WD2014 - DF2021 ice age difference might suggest somewhat large
error in the WDC Aage close to the bedrock.

The gas age scale of an ice core (CH4) can be compared with
U-Th age scales of speleothems (3'80) for the abrupt climate
changes (e.g., Buizert et al., 2015). For 13 points of the DF — Hulu
comparison between 27 and 60 kyr BP (Table 4, Fig. 9), DF2021 (gas)
agrees with the Hulu chronology within 239 years, which are
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mostly within the estimated 2¢ uncertainty of DF2021. The differ-
ences are small also for the period older than ~35 kyr BP where the
206 uncertainty becomes larger than ~400 yr (up to ~900 yr around
60 kyr BP).

3.3.2. 60—130 kyr BP

Between 60 and 130 kyr BP, we compared DF2021 with
AICC2012 and GICCO5modelext (GICCO5 extended by the model-
based ss09sea age scale with —704 yr offset, (Wolff et al., 2010;
Johnsen et al., 2001), as well as the updated AICC2012 chronology
with revised age markers by matching rapid changes in 880, of
the EDC core with those in 3'30 of Chinese speleothems for the
period older than 100 kyr BP (hereafter AICC2012gx¢ier, Extier et al.,
2018). We also directly compared DF2021 with U—-Th chronologies
of Chinese and European (northern rim of the Alps, hereafter NALPS
and Italian) speleothems (Wang et al., 2001, 2008; Cheng et al.,
2009; Kelly et al., 2006; Kelly, 2010; Chen et al., 2016; Boch et al.,
2011; Moseley et al., 2015, 2020; Drysdale et al., 2005, 2007)
(Fig. 10) using abrupt CHy shifts and corresponding calcite- 5'80
transitions in the speleothem records. This period contains 9 points
for precise age comparisons (onsets of DO 18—25 and the end of
Termination II). We do not compare the timing of the rapid changes
in 3'80,¢m of the DF core with those in 3'80 of Chinese speleothems
as Extier et al. (2018) conducted.

For DO 18, the midpoint of DF CHy4 transition on DF2021 is
65.1 + 1.7 kyr BP, which agrees with WD2014, AICC2012, and
GICCO5modelext within the estimated uncertainties. For the older
period, according to the volcanic matching between the DF and EDC
cores by Fujita et al. (2015), the DF2021 chronology agrees with
AICC2012 within 2 kyr except for large discrepancy between ~103
and 128 kyr BP of up to 3.9 kyr at ~110 kyr BP (Fig. 7), whereas it
agrees well with AICC2012gxtier. The DF2021 chronology agrees
with GICCO5modelext within ~1 kyr at all DO transitions in this
range (Figs. 7 and 10).

The differences between DF2021 and U—Th ages are generally
smaller than 1 kyr and within the 2¢ uncertainty of DF2021. The
good agreement between the DF2021 and the speleothem chro-
nologies are remarkable for the independent age scales in this
range. Below, we discuss the comparisons in detail, using the DO
transitions in the Chinese speleothem records if they can be clearly
identified with U—Th-dated points in or close to the transition, as
well as all DO ages in the NALPS speleothem records as given in
Boch et al. (2011) and Moseley et al. (2020).

For DO 18, 19, 20 and 21, the available U-Th ages of Chinese or
European speleothem records all agree with DF2021 within un-
certainties (Table 6), although some of the DO transitions are
gradual or ambiguous in the speleothem records (for example,
gradual DO 21 transition in the SB22 and SB25). The lack of age
control on the DO 22 transition in the speleothem records make it
difficult to compare the chronologies at this transition. We may
instead be able to compare a possible cooling event after DO 22
(88.8 + 0.9 kyr BP in the DF CH4 record) with the NALPS record
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(88.7 + 0.2 kyr BP). For DO 23, the DF CHy4 transition agrees with the
U—-Th ages of NALPS (Table 6) as well as an Italian speleothem
(Drysdale et al., 2007). We find it difficult to compare this transition
with the Chinese records because of their different signal shapes
(Fig. 10); the NGRIP %0, DF CHs and NALPS 3'80 records
commonly show a stadial period between DO 23 and 24 for about
1500 years, which is extremely short in the Chinese 3'®0 records
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possibly suggesting local environmental signals. For DO 24 and 25,
the ages of DF CHy4 transitions agree with those of NALPS, Chinese
and Italian speleothem records within the 2c¢ uncertainty of
DF2021. We note that not all Chinese speleothem records show the
DO 25 transition. The abrupt climate change at the end of Termi-
nation II is dated at 128.95 + 0.10 kyr BP in the Chinese speleothem
record (SB25, Cheng et al., 2009). The NALPS records probably do



I. Oyabu, K. Kawamura, C. Buizert et al.

Quaternary Science Reviews 294 (2022) 107754

600
(a)
400 —
S
[0}
o
=
o
(9]
B
©
(0]
(2]
<
0 5 10 15 20 25 30 35 40 45 50 55
Age (kyr BP)
) "
= 1 -o- WD2014 (ice ) — DF2021 (ice)
‘3‘ -m- WD2014 (gas) — DF2021 (gas)
§ -o- GICC05 % 1.0063 (ice) — DF2021 (ice)
E -m GICCO05X1.0063 (ice) — DF2021 (gas)
S —o- Hulu — DF2021 (gas)
é’) DF2021 ice age uncert. (20)
DF2021 gas age uncert. (20)

15
Age (kyr BP)

20

30

Fig. 9. Age difference between DF2021 and other chronologies for the last 60 kyr.

not cover the early part of Termination II, but the abrupt transition
at the end of Termination is clearly visible with the age between
129.1 + 0.4 and 131.1 + 1.2 kyr BP (HOL10), and between 129.6 + 0.6
and 131.7 + 0.6 kyr BP (SCH5) (Moseley et al., 2015). The end of
Termination II is dated at 129 + 1 kyr BP in an Italian speleothem
record (Fig. 10, Drysdale et al., 2005). The abrupt CH4 rise on DF2021
is seen at 129.8 + 1.0 kyr BP, consistent with the speleothem ages.

For the above comparison points (n 9), the abrupt CHy
changes on the DF2021 chronology are older by +0.1 + 0.3 kyr on
average than the corresponding events in the U-Th-dated Chinese
or European stalagmites. Considering the uncertainty of DF2021,
the differences are insignificant. The excellent agreement of
DF2021 with the U-Th chronology suggests high accuracy of our
chronology, and support the assumption of zero phasing between
the past local summer solstice insolation and 302/N; fractionation
for constructing the age markers. The previously reported dis-
crepancies between the 80,/N, records of different deep ice cores
with short-term scatters (Bazin et al., 2016) may be a result of poor
quality of the previous datasets (mainly due to gas loss during
sample storage), at least for the DF core.

3.3.3. 130—207 kyr BP

We compared DF2021 with AICC2012 and AICC2012gx¢er as well
as U—Th chronologies of Chinese and Austrian speleothems (Cheng
et al.,, 2009, 2016; Kelly et al., 2006; Kelly, 2010; Wendt et al., 2021)
(Fig. 10). The DF2021 chronology agrees with the AICC2012 and
AICC2012gxtier chronologies within 2 kyr (<1 kyr before 140 kyr BP)
(Fig. 7).

As in the last glacial period, we now compare the chronologies
for MIS 6 using the abrupt CH4 shifts and corresponding calcite-
3'80 transitions in the speleothem records, if a U-Th dating point is
located at or close to the events. We identified 16 events of CHy
increase in the DF data for the potential age comparison between
130 and 207 kyr BP (vertical lines in Fig. 10). However, there is
generally lower degree of similarity between the variations in CHy
and 3'30 (speleothem) in the penultimate glacial period than in the
last glacial period. We also note that the speleothem U—Th ages or
the shapes of 5!80 curves disagree with each other for the same
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events (for example, around the large peak at about 195—200 kyr
BP). Possible reasons for the dissimilarity include local climatic
influence in the speleothem §'80 record (e.g., Moseley et al., 2015),
overall low resolution of the records (both CH4 and 3'30), two long
periods of muted variabilities where no common events could be
identified (around 155 and 185 kyr BP), generally small amplitudes
of CH4 peaks, and disagreements of timing of some abrupt shifts
between the stalagmite records in relation to generally larger un-
certainty of U-Th dating (+1.3 kyr on average for the Chinese
speleothems). Thus, for some of the events, it is difficult to find the
counterparts of the DF CH4 events in the speleothem records
(dashed vertical lines in Fig. 10). We could finally identify 8 events
with 11 U—Th dates for the age comparisons, for which the DF2021
chronology is older by +0.1 + 1.3 kyr (n = 12) on average than the
U—Th chronology. If we remove one event (three U-Th ages) at
~200 kyr BP from the comparison, where U—-Th ages disagree by
more than 4 kyr to each other, the mean difference
becomes —0.2 + 0.8 kyr (n = 9). The agreement is excellent
considering their uncertainties.

3.4. Phase variability between 6'®0qm and 65°N summer solstice
insolation

The DF2021 chronology may provide reliable durations of cli-
matic events, e.g., the last interglacial period (MIS 5e), and the
timing of the last glacial inception (MIS 5e — 5d transition) and
other transitions in MIS 5 substages, where the previous ice core
chronologies have shown relatively large discrepancies. On DF2021,
the initial Antarctic cooling (lowering of 8'®0;c. for MIS 5e — 5d)
and subsequent transitions between the MIS 5 substages are
broadly in phase with 65°N summer solstice insolation (and the
precession parameter) (middle panel of Fig. 10). As shown in the
previous section, the AICC2012 chronology from 103 to 126 kyr BP
(roughly from the latter part of the last interglacial period to the last
glacial inception) is younger by ~2—4 kyr than DF2021 (maximum
deviation in MIS 5d at ~110 kyr BP), and the difference becomes
insignificant (<~1 kyr) around ~90 kyr BP. Thus, our new chronol-
ogy supports the suggestion by Fujita et al. (2015), Extier et al.
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(2018) or Moseley et al. (2020) that AICC2012 is likely too young
around 110 kyr BP based on the comparison between the AICC2012
and U—Th speleothem chronologies.

We consider possible causes for the large changes of age
discrepancy within the relatively short intervals around MIS 5d. If
the prior of accumulation rate is significantly overestimated around
MIS 5d, which was converted from water isotopic record (Parrenin
etal.,2007a; Bazin et al., 2013), it might be reflected in the posterior
and cause unrealistically thick annual layers and longer duration
from MIS 5e to 5d (Fujita et al.,, 2015; Parrenin et al., 2016). To
evaluate this possibility, we calculated the ratio of the posterior
accumulation rate for the EDC core (from AICC2012) to that for the
DF core (from DF2021), and compared it with the ratio based on
detailed age synchronization between the cores (Parrenin et al.,
2016) (Fig. A5). From the last interglacial to the present, the EDC/
DF accumulation ratio from the posteriors agrees well with that
from the synchronization except for the period from ~115 to ~80 kyr
BP where the former ratio is significantly larger for prolonged
times. The discrepancy in this period is also seen in the isotope-
based accumulation (Parrenin et al., 2016), suggesting that the
posterior accumulation of the EDC core is indeed overestimated.

However, because the prior accumulation rate, thinning and LID
are modified along depth to follow the age markers within un-
certainties, the errors in the priors are expected to be reduced in the
posteriors if the age markers are accurate. On the contrary, the
posterior accumulation rate for EDC (Veres et al., 2013; Bazin et al.,
2013) is larger than the prior (isotope-based) accumulation rate
(Parrenin et al., 2007a) around 100—105 kyr BP (Fig. A3). In addi-
tion, while the prior thinning function monotonically decrease with
depth, the posterior shows a small reversal for 1355—1383 m
(around 100 kyr BP, about the same range as the overestimated
accumulation) (Fig. A5). From the fact that both the posteriors of
accumulation rate and thinning function enhanced the thicker
annual layers and led to younger MIS 5d in AICC2012, we turn to the
errors of age markers as the dominant cause of the age error (Veres
et al., 2013; Extier et al., 2018).

The age markers for 100—130 kyr BP used in AICC2012 are one
30,/N, marker (121.8 kyr BP, ice age) and three 880,y markers
(100.4,110.6 and 121.9 kyr BP, gas age) in the Vostok core, and one
air content marker (100.95 kyr BP, ice age) in the EDC core. The
Vostok 580, data were smoothed and matched to 65°N summer
solstice insolation at every midpoints between peaks and troughs
with the phase lag of 5.9 kyr (Suwa and Bender, 2008), with the
assigned uncertainty of +6 kyr (about a quarter of a precession
cycle). Extier et al. (2018) investigated phase variability of 3'®0,um
on AICC2012 and suggested that the large lag (5 or 6 kyr) of 8'®0,tm
behind 65°N summer insolation is mainly due to Heinrich Events
(HE) particularly during deglaciations, and that the alignment of
3'80,tm to insolation with a constant 5-kyr lag could produce large
errors. Instead, they proposed to use U—-Th-dated §'80 records of
Chinese speleothems as the tuning target, and updated the
AICC2012 chronology (AICC2012gx¢ier). As shown in section 3.3.2,
AICC2012gx¢ier agrees with DF2021 around 110 kyr BP. We note that
AICC2012gxtier is consistently younger than DF2021 for most of the
period before ~105 kyr BP where it is revised by the new age
markers (Fig. 7), possibly suggesting some minor bias in the
alignment between the ice-core 3®0,m and speleothem 3'80
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records.

Here, we analyze the phase variability between 5'0,m of the
DF core (Kawamura et al.,, 2007) on DF2021 and 65°N summer
solstice insolation. Our chronology is suitable for this analysis
because it has the advantage over the previous DF chronologies that
used conventional firn densification modeling to estimate the gas
age. For smoothing the 50,y record, we used the same low-pass
filter as used for the 80,/N; data (cut-off from 16.7 to 10.0 kyr;
Kawamura et al., 2007, see section 2.5.2), and age of the midpoints
in the insolation curve were compared with the corresponding
midpoints in the filtered 3'80,m curve (Table 8, Fig. 11). Because the
precessional amplitude is too small in the 880,y record around
41.8 and 157.3 kyr BP to precisely determine the midpoints, we omit
these points from the analysis. The result shows that the DF §'80,m
signal lags behind 65°N summer solstice insolation by 6.4 kyr for
the most recent midpoint, but the average lag is only 4.1 + 1.4 kyr
(one standard deviation) over the last 207 kyr. In particular, the lags
for the insolation midpoints at 100.4, 110.6 and 121.9 kyr BP are
only 2.7, 1.4 and 2.4 kyr, respectively, which are the only cases to
show consecutive deviations of more than 3 kyr from the assumed
constant lag for AICC2012. We also find that the large lags of 8'%0,m
behind 65°N summer insolation are not only seen at HE during
deglaciations as suggested by Extier et al. (2018), but also during
the glacial periods for the insolation midpoints at 30.0, 65.5 and
145.4 kyr BP. On the other hand, the lag for HE11 during Termina-
tion I1 (133.5 kyr BP in insolation midpoint) is a modest value of 4.1
kyr. The small number of cases preclude robust discussion, but we
note that HE11 was not a typical HE with massive ice discharge
through Hudson Straight as documented by the lack of detrital
carbonate content in a marine sediment core, with possible
implication that the Laurentide ice sheet was smaller and thinner
during MIS6 (Obrochta et al., 2014). Thus, the area of freshwater
input in the northern North Atlantic may have been different from
that for the HEs during the last glacial and deglacial periods,
possibly leading to weaker response of climate and hydrological
cycle during HE11. The large lag for 65.5 kyr BP may be caused by
the HEG that may have enriched terrestrial precipitation 5'80 for
prolonged time (Extier et al., 2018), but the lags for 30.0 and 145.4
kyr BP should not be directly caused by HE because they are in the
increasing phase (towards more glacial-like value) of 3'80,¢m. It
may be possible that the HE1, 2, and 11 shifted the timings of the
3'80,tm maxima (around the last and penultimate glacial maxima)
towards the younger ages and thus also shifted the prior midpoints.
Thus, the phasing between 30, and 65°N summer insolation
does not appear to be simply related to HE, and it is beyond the
scope of this study to fully investigate the determining factors of
the lag (presumably requiring the precise knowledge of timing of
changes in ice sheet volume and precipitation 8'%0 in different
latitudes).

4. Conclusion

We constructed a new chronology (DF2021) for the Dome Fuji ice
core for the last 207 kyr, fully utilizing the recent and significant
progress in chronological constraints and dating tools, as summa-
rized below. (1) It has become possible to synchronize the DF ice and
gas age for the last 60 kyr to those of layer-counted ice cores and tree

Fig. 10. Comparison of chronologies between DF2021, AICC2012, AICC2012gx¢ier, GICCO5 and speleothem U—Th ages. Vertical lines indicate the timing of CH,4 transitions on the
DF2021 chronology. U-Th ages are indicated by markers with 2c error bars except for NALPS records, which have numerous age measurements (not shown for visibility). NGRIP
record is shown on the original GICCO5 chronology (not multiplied by 1.0063). The CH4 records of the WD and EDC cores for 0—70 kyr BP are plotted with offsets of +90
and -+ 45 ppb, respectively, for clarity. The plotted records and references are as follows. DF CHy: This study; Buizert et al. (2021), DF 8'80;ce: Dome Fuji Ice Core Project Members
(2017), EDC CHy4: Loulergue et al. (2008); Shin et al. (2020), EDC dD: Jouzel et al. (2007), WD CH,4: Rhodes et al. (2015), NGRIP 8'80;ce: NGRIP members (2004), Asian monsoon (AM)
composite: Cheng et al. (2016), Hulu cave: Wang et al. (2001), Dongge cave: Kelly et al. (2006); Kelly (2010), Sanbao cave: Wang et al. (2008); Cheng et al. (2009), Yongxing cave:
Chen et al. (2016), NALPS: Boch et al. (2011); Moseley et al. (2015, 2020), Antro del Corchia cave (CC5): Drysdale et al. (2005), Spannagel cave: Wendt et al. (2021).
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Table 8
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Comparison of midpoint ages of 65°N summer solstice insolation and 3'®0,.,, on DF2021 gas age.

Midpoint of 65°N summer solstice insolation Midpoint of 8'80,y, (kyr BP, DF2021

Lag of 3'80,¢m to 65°N inso. at midpoint Deviation from the assumed lag of 5.9 kyr

(kyr BP) gas age) (kyr) (kyr)
17.5 111 6.4 0.5

30.0 244 5.6 -0.3
53.0 48.7 43 -1.6
65.5 59.6 5.9 0.04
78.2 73.8 44 -1.5
89.7 85.8 3.9 -2.0
100.4 97.7 2.7 -3.2
110.6 109.2 14 -4.5
121.9 119.5 2.4 -35
133.5 1294 41 -1.8
1454 139.1 6.3 04

169.6 165.8 3.8 -21
181.5 1784 3.1 -2.8
193.3 189.6 3.7 -2.2
203.9 200.0 3.9 -2.0
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Fig. 11. Phasing between 3'®0,,, and 65°N summer solstice insolation. (a) 3'80,m of the DF core (Kawamura et al., 2007) on the DF2021 gas age scale with its filtered curve. (b)
65°N summer solstice insolation. Vertical lines in (a) and (b) indicate midpoints between maxima and minima. (c) Lag of 3'®0,m, behind 65°N summer solstice insolation for the
midpoints. Horizontal red line indicates the constant lag of 5.9 kyr typically used for 3'®0,m-orbital age markers (Bazin et al., 2013). (d) IRD percentage at site ODP980 (brown:
McManus et al., 1999), Ca/Sr ratio, an indicator of detrital carbonate, at site U1308 (black: Hodell et al., 2008) and detrital carbonate percentage at site 609/U1308 (blue: Obrochta
et al., 2012, 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

ring records using common signals such as volcanic signals and CHy
concentrations, as well as cosmogenic radionuclides. (2) The new DF
80,/N, data, which are not affected by gas-loss fractionation, are
available and exhibit orbital-scale variations very similar to local
summer insolation curve for the period older than 90 kyr BP. (3)
Probabilistic dating methods have been developed to simulta-
neously optimize the ice and gas ages as well as accumulation rate,
thinning and LID along depth. The model used here can incorporate
various sources of chronological information, including age intervals
between two layers to take into account correlated uncertainties. (4)
Firn densification models have been advanced to produce thinner
LID in glacial climates, to be consistent with data, which can provide
reasonable prior LID and accumulation rate to the probabilistic
model. The firn model is also integrated with the probabilistic dating
model to produce a mutually consistent and physically sound
chronology through the iterative method developed here. Our new
chronology is tightly constrained by other well-dated records for the
last 60 kyr, whereas it is independent from any other chronologies
for the older period where the chronological constraints are sparce
and different chronologies tend to disagree with each other.

20

The estimated uncertainty of DF2021 is smaller than +0.05
and + 0.9 kyr (205) for 0—30 and 30—60 kyr BP, respectively. For the
last 60 kyr BP, DF2021 agrees well with the GICC05, WD2014 and
U—Th chronology of speleothem within uncertainties. The largest
age uncertainties of up to +2.4 kyr for both ice and gas are observed
between 60 and 90 kyr BP, where the chronology is only con-
strained by Adepth from the bipolar-seesaw assumption (i.e., no
absolute age markers). For the period older than 90 kyr BP, the
uncertainty is relatively small (~0.5 kyr) at the 30,/N, age markers,
and it increases to ~1.3 kyr between the age markers.

Between 60 and 130 kyr BP, the timing of abrupt CH4 shifts in
the DF core agree within 1 kyr with those of NGRIP 880 on the
GICCO5modelext chronology as well as speleothem 80 from
China and Europe on the U—Th chronologies, suggesting that the
actual error is smaller than the estimated uncertainty for the 60—90
kyr BP range. The good agreements suggest that the assumption of
zero phasing between the 80,/N; record and local summer inso-
lation is valid for the DF core at least for this age range. We also
support the earlier suggestions that AICC2012 is too young around
110 kyr BP (the period including DO events 23—25). We attribute
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the source of the age error to variable phasing of 3'80,1m with
respect to insolation.

Between 130 and 207 kyr BP, the degree of similarity between
the variations of DF CH4 and speleothem 3'30 is lower than in the
last glacial period, making the comparison of the chronologies
more challenging. However, we could identify eight events for the
age comparisons and found that the agreements are reasonable
considering the uncertainties of both DF2021 and U—Th chronol-
ogies (both are on the order of 1.5 kyr).

According to DF2021, the lag of 3'80,m midpoint behind that of
65°N summer solstice insolation is 6.4 kyr for the last deglaciation,
which is significantly larger than the average of 4.1 + 1.4 kyr over
the last 207 kyr. On the other hand, the lags are significantly smaller
than the average for the consecutive midpoints at 100.4, 110.6, and
121.9 kyr BP, indicating that the orbital tuning with 80, may
produce prolonged biases in the chronology. With the limitations,
the phasing between 80,y and insolation clarified by our chro-
nology would still be useful for future efforts of ice-core dating if
other age constraints are weak or lacking, which might be the case
for the “Oldest Ice Cores” (Fischer et al., 2013). In such cases, we
suggest using the mean lag of 3'80,m, behind 65°N summer solstice
insolation of 4.1 + 2.8 kyr (2 o) kyr, and excluding the midpoints
where the precessional amplitudes in the 380,y record are too
small to precisely determine their positions, such as those around
42 and 150 kyr BP.

Future directions of the DF chronological developments may
include the extension towards the older part of the core as new and
unfractionated 302/N; data as well as high-precision 3N and CH4
data become available, and the integration of the DF core or its
chronological constraints to the multiple ice-core (or multiple
paleoarchive) datings with the probabilistic approach.
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Fig. A1. All CH4 concentration data from the DF core measured at different institutes and over different periods. Some data points (red crosses) are excluded for constructing the

composite CH, record. See section 2.3.1 for the details of data selection.
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Fig. A2. Comparison between daily mean insolation (calculated with the AnalySeries software using the Laskar et al., 2004 solution) and air temperature observed by an automatic
weather station (Takahashi et al., 2004; Morino et al., 2021) at Dome Fuji, Antarctica. A general peak fitting algorithm (“Multipeak Fitting 2" package of Igor Pro®) was used for
identifying the timing of summer temperature peaks (see text).
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Fig. A3. Comparison between the A, 7, and LID with (red and blue) and without (black) Adepth constraints for DO14, 16.1 and 17.1. If relatively large uncertainty of 7 is assigned
(before Step 2, increased linearly from the ice-sheet surface (0%) to the bottom (100%)), a large dip is produced in 7 (blue). On the other hand, if the smaller uncertainty of r (the
result from Step 2) is assigned, shallowing of LID is produced (red).

22



I. Oyabu, K. Kawamura, C. Buizert et al.

Lo
(ohn
g s 40
S o
> 5 2.
E T
3 § 1.0
o N
<
5 150
e}
£ 100
&
© 50
(@)
0
g 600
09 300
S S 0
<5 -300
3=
5 -600
3
o
mZ
e
5
£
2
mi
)

Quaternary Science Reviews 294 (2022) 107754

- Bréant minus Step ¢
i~ DynaDens minus Ste

f -—iDyhaD?ensi‘f’N?

i : & therm
DyhaD%ens%(SteE) 7

e

o
ey

i

60

80

100
Age (kyr BP)

120

DynaDens (étepﬁ 7 oiutput)
—_ F’ale:ochlfono (Step 9 output)
>
o
3
(o]
5000
4000 5
3000 §
2000 <
1000 ~—
3réa%1nt‘N!i”m
— Bréant 10
i 7 - o
sy 100 D
NN 3
90 =
ata
réant
ynaléDers w:
ol i 060 o
i ; ; o
, 056 Z
N\ N A e 052 £
1 3%
: : 048 <
A R
‘ i i
140 160 180 200

Fig. A4. Comparison between the results or inputs of DynaDens and Bréant firn densification model. (a) Optimized accumulation rate by DynaDens (light blue, after Step 7) and
Paleochrono standard run (Step 9) (grey). (b) Optimized surface temperature by DynaDens (light blue) and Bréant model (purple). (c) Ca** concentration used for the Bréant model
(Goto-Azuma et al., 2019). (d) Aage from Paleochrono (grey), DynaDens (light blue) and Bréant model (purple). (e) Difference of Aage between DynaDens and Paleochrono standard
run (light blue), and that between Bréant model and Paleochrono standard run (purple). (f) LID from DynaDens model (light blue), Bréant model (purple), the 3'°N data corrected for
the 5" Ninerm by DynaDens (grey), from the 3'°N data corrected for the 8'*Niherm by Bréant model (light purple), (g) 3'°N data and modeled 3'°Nyo,; by DynaDens and Bréant model.
(h) Gravitational component of 3"°N by DynaDens (light blue) and Bréant model (purple), (i) Thermal component of 3'°N by DynaDens (light blue) and Bréant model (purple) and

Bréant model.
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Fig. A5. Anomalous accumulation rate and thinning in the EDC core around 100 kyr BP from posteriors of AICC2012, as possible indicators for errors in 380, gas age markers. (a)
Ratio of posterior of accumulation rate for the EDC core (from AICC2012, Veres et al., 2013; Bazin et al., 2013) to that for the DF core (from DF2021), and the ratio based on detailed
age synchronization between the cores (Parrenin et al., 2016). (b) Accumulation of the prior (blue) and posterior (red) of the EDC core in the AICC2012 chronology (Parrenin et al.,
2007b; Veres et al.,, 2013; Bazin et al., 2013). (c) Thinning function of the EDC core in the AICC2012 chronology (Veres et al., 2013; Bazin et al., 2013).

Appendix B. Validation of Adepth for DO 20 by Toba volcanic
matching

The bipolar ice-core signals of a Toba volcanic eruption (T9
event, ~76 kyr BP) found in the DF and NGRIP cores (Svensson et al.,
2013) can be used to validate Adepth at DO 20. The T9 event in the
NGRIP core (2572.61 m) is located close to the onset of DO 20
(2579.13 m), and the temporal distance between the two layers is
403 years according to the GICCO5modelext chronology. Thus, the
ice depth for DO 20 in the DF core can be estimated using the T9
event in the DF core (1185.55 m) and the depth offset equivalent to
the 403 years (between T9 and DO 20) from the depth-age scale

(@)
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Adepth ee
DO20 CH,

from Step 2 (Fig. B1a). The Adepth for DO 20 thus estimated is
39.09 m, which agrees with that from the bipolar seesaw
assumption (40.31 + 1.40 m) within uncertainty (Fig. 5, B1b). Based
on the following test, we also note that the replacement of Adepth
constraint for DO20 does not affect the resulting chronology. We
replaced the Adepth constraint at DO 20 with 39.09 m with 1 ¢
uncertainty of 0.7 m (equivalent to ~10% of the T9-DO 20 age dif-
ference), and kept all other constraints unchanged to run Paleo-
chrono. The resulting ice and gas ages agree within 20 and 90 years,
respectively, to the DF2021 chronology, with the reduction of age
uncertainties around DO 20 by a few years only.
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Fig. B1. (a) Schematic of Adepth estimation for DO 20 based on Toba volcanic matching, and (b) enlarged view of Fig. 5.
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